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    Reactive oxygen species (ROS), generated as byproducts or intermediates of 
the normal metabolism of dioxygen, play significant roles in cell signaling, 
homeostasis and host defense. However, the excessive production of ROS may 
result in significant damage to cell structures and lead to oxidative stress, the 
major causative factor for chronic disease such as cancer, heart disease, stroke, 
neurodegenerative disease and aging. To uncover the multiple roles and action 
mechanisms of ROS in biological systems, transition metal complexes and 
quantum dots (QDs) based fluorescent probes were synthesized for selective and 
sensitive detection of ROS including nitrogen dioxide (NO2), hypochlorous acid 
(HClO) and nitric oxide (NO). 
   For the work on transition metal complexes based fluorescent probes, 
significant progress on NO2 detection has been made. Nickel bisdithiocarbamate 
complexes derived from two isomers of sulforhodamine B were synthesized and 
demonstrated to be the first highly selective turn-on probes for NO2. Compared 
with the para isomer, the ortho isomer showed a much greater fluorescence 
increase upon reaction with NO2, leading to oxidation and decomplexation of the 
dithiocarbamate ligand from Ni(II). This probe was applied for visual detection of 
1.0 ppm gaseous NO2 and fluorescence imaging of NO2 in RAW 264.7 cell. 
Moreover, by integrating this probe into 96-well microplate reader, the first high 
throughput fluorometric assay for NO2 scavenging capacity of antioxidants was 
achieved; the structure-activity relationship of nine phenolic compounds was 
discussed and for the first time, the mechanism of phenolic compounds as NO2 
scavenger was explored in details. Additionally, we further studied how the 
quenching efficiency and NO2 reactivity of NO2 probes was influenced by various 
factors and optimized, and synthesized new probes derived from rhodamine 101 
and rhodamine B with improved yield, solubility and sensitivity. Rhodamine B 
probe was further applied in fluorescence imaging of exogenous and endogenous 
NO2 on RAW 264.7 cell.  
 X 
 
   A CdSe/ZnS based nanoprobe for selective and ultrasensitive (LOD ~ 0.25 μM, 
LOQ ~ 0.83 μM) detection of HClO has been developed, which allowed us to 
quantify HClO in tap water, monitor myeloperoxidase activity and detect HClO in 
the HL60 cell line. Additionally, to improve my previously developed NO 
nanoprobe based on ionic bond between iron trisdithiocarbamate complex 
quencher and QDs, three strategies have been demonstrated to greatly enhance the 
quenching efficiency: encapsulating QDs with quencher by the polymer, capping 
QDs with quencher attached ligands and wrapping QDs with a quencher 
functionalized polymer coating. Although these nanoprobes showed dissatisfying 
turn-on response to NO, the work herein is a valuable study on quenching 
enhancement of nanoprobes, and also offers some interesting systems to explore 
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Chapter 1. Introduction: Detection of 
Reactive Oxygen Species by Fluorescent 
Probes based on Transition Metal 









1.1 Reactive oxygen species (ROS) 
1.1.1 General introduction of ROS 
   Reactive oxygen species (ROS) is a collective term including a variety of 
reactive molecules and free radicals derived from dioxygen (Table 1.1).
1
 The 
oxidants derived from nitric oxide, a significant precursor for many reactive 
species, have been recently called reactive nitrogen species (RNS) in some 
publications, but herein they are included into ROS since they also contain 
oxygen and are derived from dioxygen (Table 1.1). Traditionally, ROS have been 
considered as by-products or intermediates of normal metabolism of dioxygen, 
and mitochondrial respiration is believed to be the major source of intracellular 
ROS.
2,3
 It is realized recently that generation of ROS is a regulated physiological 
process,
4
 and ROS is also generated by various enzymes such as nicotinamide 
adenine dinucleotide phosphate (NADP) oxidase, xanthine oxidase, nitric oxide 
synthase and peroxisomal, in addition to mitochondria. Under the catalysis of 
various peroxidases or metal ions, inter-conversion of different ROS can take 
place easily in the physiological condition (Figure 1.1).
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   ROS are most well known for their crucial role in effective host defense, for 
example, large amount of superoxide is produced by NADP oxidase in 
phagocytes to kill invading pathogens.
6
 Recent work has demonstrated that ROS 





 and the activation of cell 
signaling cascades, 
9
 via two general mechanisms, i.e. alterations in intracellular 
 12 
 
redox state and oxidative modifications of proteins.
9,10
 However, excess ROS can 
damage lipids, DNA, RNA and proteins, which, in theory, contributes to the 
physiology of aging.
11
 Therefore, numerous detoxification mechanisms have 
evolved to provide a balance between production and removal of ROS. Cells 














 Additionally, there are a number 
of small-molecule antioxidants to assist the detoxification, such as 
glutathione,
18,19
 tocopherol (vitamin E)
20
 and uric acid.
21
 Phenolic compounds 
play an essential role in preventing ROS damage by scavenging free radicals, 
which will be discusses in details in Chapter 3. However, the defense is not fully 
efficient and residual ROS persist in the cell. Oxidative stress resulting from an 
imbalance between the excessive formation of ROS and limited antioxidant 
defenses 
22,23







 and neurodegenerative disease.
27
 Hence, the balance between 
ROS and antioxidant defense is crucial for biological system, and either 
inadequate or excess ROS will lead to deleterious effects. 
 
Figure 1.1 Inter-conversion among various ROS under physiological conditions.
5  
 
1.1.2 Detection of ROS 
   To elucidate multiple roles and action mechanisms of ROS, it is essential to 
develop sensitive and selective methods for ROS sensing in the biological system. 
The formation of ROS may be monitored using a variety of methods including 
fluorometric methods, spectrophotometric methods, chemiluminescence methods, 
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electron paramagnetic resonance (EPR) and some biological methods such as 
fingerprinting. Many of these methods rely on the redox properties of specific 
ROS, and therefore are prone to artifacts caused by species of similar reactivity or 
by reactive intermediates produced by the probe itself.
22
 EPR is a direct detection 
methods,
28
 and the trapping method has been proved very useful in vivo and in 
animal experiment; however, the trap molecules themselves always disturb the 
system under study.
28
 An alternative in the biological study is fingerprinting, 
whose principle is to measure not the species themselves but the damage they 
cause, such as the products of oxidative DNA damage, protein damage and lipid 
peroxidation, which are specific end-products for oxidative stress.
28
 However, 
since ROS can interconvert and different reaction with biomolecules may produce 
the same product, the products measured are only an indicator for oxidative stress 
in general, not an indicator for a specific ROS activity, which require more 
selective probes to quantify.  
   Among various approaches, fluorescent probes are most widely used methods 
either in vivo imaging or in vitro detection. They are highly sensitive, efficient, 
economic, simple and capable of giving high resolution images by microscopy. 
The high sensitivity of detection down to single molecules by “turn-on” 
fluorescent probes makes them even more attractive; thus, these probes are 
extensively investigated for imaging and monitoring the ROS generation and 
tracking in cells for understanding the mechanisms of ROS action, to develop 
means of controlling the ROS damage.
5,28,29
  
There are many fluorescent probes designed and synthesized for the detection 
of ROS and some widely used fluorescent probes have been reviewed.
29
 However, 
most probes have their own scopes and limitations. First of all, many existing 
fluorescent probes are unable to monitor ROS themselves but the secondary 
products, which means that the target ROS related bio-events would not be 
detected in real time, and these methods are possible prone to artifacts caused by 
other reactive species.
22
 Second, only a few of these probes are suitable to be used 
in the monitoring of ROS involved physiological and pathological processes. 
Highly selective probes toward specific ROS are critical to pinpoint the 
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complicated ROS chemistry in the biological system, but there are limited 
molecular probes showing such characteristics. Therefore, the development of 
selective and sensitive fluorescent probes for ROS, particularly in the biological 
system, is a significant and attractive area in research.  
1.2 Electron and energy transfer mechanisms to turn-on the 
fluorescence 
   Generally, fluorescent probe systems integrate three main components, 
including  fluorophore, quencher and receptor.
30
 The fluorophore and receptor are 
designed to emit fluorescence upon excitation and bind the target analyte, 
respectively. The quencher is engineered to transduce the binding event into a 
fluorescence change. i.e. to alter the emission of the fluorophore after the 
receptor–analyte association.30 The turn-on of fluorescence is usually achieved by 
either electron transfer or radiative energy transfer.   
   Electron transfer requires the quencher to act as either a donor or an acceptor. In 
the former case, the energy of the highest occupied molecular orbital (HOMO) of 
the quencher must be higher than that of the HOMO of the fluorophore (a in 
Figure 1.2A). In the latter case, the energy of the lowest unoccupied molecular 
orbital (LUMO) of the quencher must be lower than that of the LUMO of the 
fluorophore (a in Figure 1.2B). When these conditions are satisfied, one electron 
transfers either from the quencher to the excited fluorophore (a in Figure 1.2A) or 
from the excited fluorophore to the quencher (a in Figure 1.2B), and thus the 
fluorescence is quenched. The association of the receptor with the analyte can be 
designed to lower the HOMO energy of the quencher (b in Figure 1.2A) or to 
raise the LUMO energy of the quencher (b in Figure 1.2B), and, thus, the 
excitation of the fluorophore is followed by its radiative deactivation, rather than 
electron transfer, and therefore the receptor–analyte association is transduced into 
a luminescence enhancement.  
   The mechanism based on radiative energy transfer requires the quencher to 
absorb electromagnetic radiations in the same range of wavelengths where the 
fluorophore emits. When this condition is satisfied, the excited fluorophore can 
transfer energy to the quencher, and the fluorescence will be quenched. The 
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association of the receptor with the analyte can be designed to shift the absorption 
band of the quencher, and hence the energy transfer is disturbed and the 
luminescence intensity of the fluorophore increases, signaling the presence of the 
analyte (Figure 1.3). 
 
 
Figure 1.2 Schematic illustration of electron transfer mechanism.
30
 (A) The 
quencher acts as a donor. (B) The quencher acts as an acceptor.  
 
 
Figure 1.3 The overlap between the emission band (a) of the fluorophore and the 
absorption band (b) of the quencher permits the transfer of energy from the 
former to the latter upon excitation. The association of the analyte with the 





   Both electron and energy transfer processes are sensitive to distance, d, between 
the quencher and fluorophore.
31,32
 The rate constant for electron transfer decreases 





 Thus, a minor increase in d results in a significant delay of both processes and 
attenuates the quenching efficiency.  
1.3 The potential of transition metal complexes as fluorescent 
probes 
1.3.1 Important properties of transition metal complexes 
    According to the definition of International Union of Pure and Applied 
Chemistry (IUPAC), transition metal is an element whose atom has an incomplete 
d sub-shell, or which can give rise to cations with an incomplete d sub-shell.
33
 A 
transition metal complex is a species consisting of a transition metal coordinated 
or bonded to one or more ligands. The electronic configurations of transition 
metal complexes give them some important properties that assist them to play an 
essential role in fluorescent probes.
 
   Color 
   The color of metal complexes were mainly caused by either d–d transitions or 
charge transfer bands.
34
 In transition metal complexes, d orbitals do not all have 
the same energy and the extent of the splitting depends on the particular metal, its 
oxidation state and the nature of the ligands. In a d–d transition, an electron in a 
d orbital of the metal is excited by a photon to another d orbital of higher energy. 
A charge transfer band entails excitation of an electron from a metal-based orbital 
into an empty ligand-based orbital (metal-to-ligand charge transfer or MLCT) and 
vice versa (ligand-to-metal charge transfer or LMCT).
34
 According to the 
discussion in 1.2, the transition metal complex showing a strong absorption within 
emission range of the fluorophore can lead to energy transfer and the quenching 
of the fluorescence. Some analytes can react with the transition metal complex, 
and block or change the electronic transition, eventually leading to the shift or 
elimination of its absorption band; thus, these analytes can switch on the 
fluorescence of fluorophore by blocking the energy transfer and make the turn-on 
probe possible. The developed nanoprobe for nitric oxide (discussed in Chapter 6) 
is an example of turn-on fluorescent probe based on energy transfer using an iron 
complex.   
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    Oxidation states 
   Transition metals always exhibit two or more oxidation states. As either 
reactants or oxidants, many ROS can participate in redox reactions with transition 
metals. It is well known that transition metals with partly filled d orbital, such as 
nickel, copper and iron, is possible to be involved in electron transfer or energy 
transfer processes to/from the adjacent fluorophore and quench its fluorescence.
35
 
Since some transition metals at different oxidation states have different effects on 
the fluorescence, it is possible to develop fluorescent probes for ROS via altering 
oxidation states of transition metals. One example is the transformation between 
Cu(II) (paramagnetic and quenching fluorescence) and Cu(I) (diamagnetic and 
not quenching fluorescence).   
1.3.2 Reactions of transition metal complexes and their applications  
   Transition metal complexes demonstrate a variety of possible reactions that are 
important in fluorescent probes based on metal complexes, mainly including:   
 Substitution reactions 
 
 Addition/ dissociation reactions 
 
 Electron transfer reactions (also including oxidative-addition and 
reductive-elimination) 
 
 Reactions at coordinated ligands (many variants here) 
   Numerous fluorescent probes for ROS have been developed by taking 
advantage of above reactions of transition metal complexes, which have been 
most widely utilized in nitric oxide (NO) sensing. To date, NO sensing has been 











, and common strategies for metal-
based NO sensing are summarized in Figure 1.4. According to the reaction 
classification discussed above, strategy (a) is a substitution reaction; strategy (b) 
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is an electron transfer reaction and strategy (c) is a combination of electron 
transfer, substitution and dissociation reactions at ligands. Therefore, these 
common reactions of transition metal complexes are very helpful for designing 
fluorescent probes. 
 
Figure 1.4 Strategies for metal-based turn-on probes for NO.
45
   
 
However, there are fewer metal-based fluorescent probes for other ROS. There 
are rich options of ligands and metals to form complexes, and diverse reaction 
patterns between these complexes and analytes. By judiciously choosing the 
ligands and metals, the reactivity of complexes can be controlled; thus, selective 
and sensitive probes are possible to be designed and developed. Additionally, 
many metal complexes have low toxicity and good optical performance, which is 
desirable for fluorescent probes in the biological system. Hence, development of 
fluorescent probes for ROS based on transition metal complexes is an attractive 
and significant field in research.  
1.4 Quantum dots (QDs) as promising fluorescent probes 
1.4.1 General introduction of QDs 
   Advances in synthesis and functionalization of semiconductor nanocrystals 
during the past decade have generated an increasingly widespread interest in the 
fields of biology and medicine.
46-48
 These nanometer-sized crystalline particles, 
also called quantum dots (QDs), are composed of periodic groups of II–VI (e.g. 
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CdSe) or III–V (e.g. InP) elements.46 QDs, which are only a few nanometers in 
diameter, exhibit discrete size-dependent energy levels.
46
 As the size of the 
nanocrystal increases, the energy gap decreases, yielding a size-dependent 
rainbow color of luminescence.
46
 Extensive tunability of wavelengths from 




   Essential properties as fluorescent probes are compared between organic dyes 
and QDs in several publications. Generally, QDs enjoy notable advantages 
compared to organic fluorophores, one of which is the unique optical spectra.   
Unlike organic dyes, QDs have broad absorption spectra, and their emission 
spectra are symmetric and narrow.
50
 Consequently, multicolor QDs of different 
sizes can be excited by a single wavelength with minimum signal overlap, 
enabling simultaneous examination of multiple molecules and events.
46
 QDs are 
also very stable light emitters owing to their inorganic composition, making them 
less susceptible to photobleaching than organic fluorophores.
49
 Additionally, the 
two-photon cross-section of QDs is significantly higher than that of organic dyes, 
making them well suited for examination of thick specimens and in vivo imaging 
using multiphoton excitation.
51,52
 Another interesting character of QDs is their 
fluorescence lifetime of 10 to 100 ns, which is significantly longer than typical 
organic dyes that decay on the order of a few nanoseconds. This is advantageous 




1.4.2 Dispersion and functionalization of QDs   
   QDs prepared using high-temperature routes have no intrinsic aqueous 
solubility and biological functions; however, the surface of QDs can be tailored 
for better water solubility and biological functions without much alteration of its 
emission property, which facilitates and expands its applications in biological and 
life sciences.
46,55
 Phase transfer to aqueous solution requires surface 
functionalization with hydrophilic ligands, either through ligand exchang or by 





ligands both mediate the dispersion and serve as a point of chemical attachment 
for biomolecules or other target analytes.
50
  
Strategies of dispersing and biofunctionalizing QDs can be grouped into three 
major routes:
50
 substitution of the native coordinating organic ligand (TOP/TOPO) 
with bifunctional ligands, each presenting an anchoring moiety to bind to the QD 
surface (e.g. thiol) and a hydrophilic end (e.g. hydroxyl and carboxyl) pointing 
outward to the water phase to achieve water-compatibility;
56,57
 encapsulation with 
polymerized silica shells containing polar groups, which insulate the QDs;
58,59
 
encapsulation TOP/TOPO QDs with amphiphilic copolymers and phospholipids 
through the hydrophobic attraction, whereas the hydrophilic outer block permits 
aqueous dispersion and further derivatization.
60,61
  
   The ability to make QDs water-soluble and graft them to specific biomolecules 
or other target analytes has led to promising applications in the biological system. 







 in situ hybridization,
65
 
fluorescence resonance energy transfer (FRET),
66
 in vivo imaging
67




1.4.3 QDs as fluorescent probes for ROS 
   Although QDs already demonstrated great potential in biological imaging, 
labeling and sensing, there are relatively few studies on its application of 
fluorescent probes for ROS detection.  
   Recently, four types of water-soluble QDs were investigated for the sensitive 
and selective detection of hydroxyl radical in aqueous media, and glutathione 
functionalized ZnS demonstrated best sensitivity.
68
 It was also found that CdTe 
QDs could induce a great sensitizing effect on chemiluminescence emission from 
peroxynitrous acid-carbonate system, and the first work for direct determination 
of analytes using QDs-based chemiluminescence sensor was demonstrated.
69
 Qin 
and co-workers have synthesized a number of redox-active coenzyme Q (CoQ) 
disulfide derivatives (CoQCnS) that supremely sensitive to NAD and superoxide 
radical.
70
 The reduced state of CoQCnS significantly enhanced the fluorescence 
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intensity of CdTe/ZnS QDs, while the oxidized state quenched the fluorescence; 
thus, CoQ derivatized QDs was a promising probe to image redox coenzyme 
function and image ROS in vitro and in vivo.
70
 Li and co-workers demonstrated 
that the coupling system of negative charged CdSe/ZnS QDs with an oxidized 
cytochrome c is capable of fluorescent imaging of superoxide radical with high 
sensitivity and specificity in living cells.
71
 Hydroperoxide scavenger, CdSe QDs 
has been utilized to develop a new approach to sensitively quantify lipid 
hydroperoxides.
72
 Moreover, the photoluminescence of non-fluorescent 
molecularly engineered QDs with iron(III) dithiocarbamates was found 




  As a new class of fluorophore, QDs already demonstrated its advantages over 
traditional organic dyes and its huge potential in various biological applications 
both in vivo and in vitro. Considering limited studies on QDs-based nanoprobes 
for ROS, it is significant to develop selective and sensitive QDs-based fluorescent 
probes for ROS.      
1.5 Dissertation overview  
   This thesis describes the development of fluorescent probes, either small 
molecule-based or QDs-based, which are especially designed for selective and 
sensitive detection of ROS, including nitrogen dioxide (NO2), hypochlorous acid 
(HClO) and nitric oxide (NO), and their application in sensing, imaging and 
quantifying ROS in biological system. 
   Chapter 2, 3 and 4 present our significant progress related to NO2 detection by 
transition metal complexes based fluorescent probes. In Chapter 2, nickel 
bisdithiocarbamate complexes derived from sulforhodamine B are demonstrated 
to be the first highly selective turn-on probes for NO2. We also discuss the details 
of detection mechanism and the applications for visual detection of 1.0 ppm 
gaseous NO2 and fluorescence imaging of NO2 in RAW 264.7 cell. Moreover, 
Chapter 3 presents the first high throughput fluorometric assay for NO2 
scavenging capacity of antioxidants based on the developed probe; the structure-
activity relationship of nine phenolic compounds is discussed and for the first 
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time, the mechanism of phenolic compounds as NO2 scavenger is explored in 
details. Additionally, Chapter 4 further illustrates how the quenching efficiency 
and NO2 reactivity of NO2 probes is influenced by various factors, followed by 
two optimized probes derived from rhodamine 101 and rhodamine B with 
improved yield, solubility and sensitivity. This chapter also demonstrates the 
application of rhodamine B probe in fluorescence imaging of exogenous and 
endogenous NO2 on RAW 264.7 cell.  
   Chapter 5 and Chapter 6 focus on QD-based fluorescent probes designed for 
detection of HClO and NO, respectively. In Chapter 5, a CdSe/ZnS based 
nanoprobe for selective and ultrasensitive (LOD ~ 0.25 μM, LOQ ~ 0.83 μM) 
detection of HClO has been presents, which allow us to quantify HClO in tap 
water, monitor myeloperoxidase activity and detect HClO in the HL60 cell line. 
In Chapter 6, to improve our previously developed NO nanoprobe based on ionic 
bond between iron trisdithiocarbamate complex quencher and QDs, three 
strategies have been demonstrated to greatly enhance the quenching efficiency: 
encapsulating QDs with quencher by the polymer, capping QDs with quencher 
attached ligands and wrapping QDs with a quencher functionalized polymer 
coating. Although these nanoprobes show dissatisfying turn-on response to NO, 
the work herein is a valuable study on quenching enhancement of nanoprobes, 
and also offers some interesting systems to explore further functionalization and 



















Chapter 2. Nickel (II) Dithiocarbamate 
Complexes Containing Sulforhodamine B 
as the Fluorescent Probe for Selective 











   As a dominant component in the NOx family, nitrogen dioxide (NO2) is a toxic 
air pollutant mainly generated by the combustion. The effects of NO2 to human 
depend on the level and duration of exposure, ranging from chest pain to lung 
disease, even death.
74
 The biological consequences of low levels of endogenously 
produced NO2 have started to be considered only recently.
75
 The potential 
biological sources for NO2 are shown in Figure 2.1, and this neutral radical is 
likely to accumulate to a higher concentration in less polar environments such as 
cell membranes and hydrophobic protein domains.
76
 In physiological system, NO2 
undergoes a variety of reactions including recombination with other radical 
species, addition to double bonds, electron transfer and hydrogen atom 
abstraction.
76
 It can initiate lipid peroxidation and oxidize amino acids, 
particularly cysteine, tryptophan and tyrosine, generating nitrated lipids and 
proteins,
76
 which have been extensively used as markers of nitric oxide-derived 
species in injured tissues and cells from diverse pathologies. In short, NO2 is 
regarded as the root cause of toxic effects of reactive nitrogen species.  
 
Figure 2.1 Schematic representation of the potential biological sources of NO2. 




   In the past decades, a great progress has been made in detection of NO2, in 
environment but little progress has been made in detection of NO2 in biological 












 and chemiluminescence methods.
82
 Recently, NO2 sensing 
films based on substituted phthalocyanines and corresponding transition metal 
complexes have been developed and improved gradually,
83,84
 and studies about 
films of nanomaterials or doped semiconductor materials is another popular trend. 
85,86
  
   However, there are serious limitations in existing detection methods. First of all, 
many methods are not selective and specific to NO2, such as some electrodes, 
which can also respond to other gases.
79,80
 Second, many methods indirectly 
detect NO2, for example, most colorimetric methods actually measure nitrite 
ions.
78
 Third, almost all detection methods are limited in the detection of gaseous 
NO2, whereas sensing of intracellular NO2 is an uncharted but important research 
area for ROS bio-imaging.
77-86
 Among all detection methods, fluorescent probes 
are preferred because they allow real time monitoring and visual tracking of NO2 
in cells and tissues. Additionally, a fluorescent probe selective to NO2 can detect 
NO2 activity in real time, which would help unveiling the physiological and 
pathological roles of NO2.  
   Dithiocarbamate is a bidentate ligand that promptly forms complexes with many 
transition metals.
87,88
 Among these metals, nickel is well known as an efficient 
fluorescence quencher via electron transfer.
89
 Additionally, it is reported that Ni(II) 
dithiocarbamate complexes, Ni(RNCS2)2, reacts immediately with NO2 to yield 
the oxidative dimerized ligand, (RNCS2)2,
90 
which should be fluorescent if R were 
a fluorophore.  
   Herein nickel bisdithiocarbamate complexes derived from two isomers of 
sulforhodamine B were synthesized and demonstrated to be the first highly 
selective turn-on probes for NO2. Compared with the para isomer, the ortho 
isomer showed a much greater fluorescence increase upon reaction with NO2, 
leading to oxidation and decomplexation of the dithiocarbamate ligand from 
Ni(II). This probe was successfully utilized in visual detection for gaseous NO2 at 
one ppm and fluorescence imaging of NO2 activity in RAW 264.7 cell.  
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2.2 Materials and methods 
2.2.1 Materials and instruments  
   All experiments were performed with analytical grade or high performance 
liquid chromatography (HPLC) grade reagents. Otherwise stated, all chemicals 
were purchased from Sigma-Aldrich Chemical Company (St Louis, MO) and 
used without further purification. Nitrogen dioxide gas (99.99%) was purchased 
from Changzhou Jinghua Industrial Gases Co. Ltd (Jiangsu, China). Ultrapure 
water (18.2 MΩ.cm) was used from a Millipore water purification system. 
Fluorescence spectra were obtained on PerkinElmer LS55 with slit width at 10 nm 
for both excitation and emission except fluorescence quantum yield measurement. 
UV-vis spectroscopic studies were carried out on Shimadzu UV-1601 UV-visible 




C NMR spectra were 
recorded with a Bruker AC300 spectrometer (Karlsruhe, Germany) at 300 MHz. 
Single crystal structure X-ray analysis was performed on Bruker-AXS Smart 
Apex CCD single-crystal diffractometers. The electrospray ionization mass 
spectra were obtained from a Finnigan / MAT LCQ ion trap mass spectrometer 
(San Jose, CA, USA) equipped with an electrospray ionization (ESI) source. The 
heated capillary and voltage were maintained at 250 
ο
C and 4.5 kV, respectively. 
The full-scan mass spectra from m/z 50 to 2000 were recorded. Matrix-assisted 
laser desorption/ionization – time of flight (MALDI-TOF) mass spectra were 
collected on a Bruker microTOF-QII mass spectrometer (Singapore) equipped 
with delayed extraction and a N2 laser set at 337 nm. The length of one laser pulse 
was 3 ns. The measurements were carried out using the following conditions: 
positive polarity, linear flight path with 21 kV acceleration voltage, and 100 
pulses per spectrum. 1,8,9-trihydroxyanthracene as the matrix was used to 
enhance ion formation. High resolution MS spectrum was obtained from Finnigan 
(MAT 95XL-T) high resolution (60,000), 5KV Double Focusing Reversed Nier-
Johnson Geometry Mass Spectrometer. HPLC analysis was carried out on a 
Waters HPLC system (Milford, MA) with an Alliance 2659 separation module, a 
2996 photodiode array (PDA) detector, and a Waters C18 column (3 μm, 3.0 mm 
x 150 mm, Atlantis, Ireland). LC/MS spectra were acquired using Bruker Amazon 
ion trap mass spectrometer (Billerica, MA) equipped with Dionex ultimate 
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3000RS HPLC system (Bannockburn, IL). The heated capillary and spray voltage 
were maintained at 200 °C and 4.5 kV, respectively. Nitrogen was operated at 80 
psi for sheath gas flow rate and 20 psi for auxiliary gas flow rate. The full scan 
mass spectra from m/z 70–3000 were acquired in positive ion mode with a scan 
speed of one second per scan. The MS
n
 collision gas was helium with collision 
energy of 30% of the 5 V end cap maximum tickling voltage.  
 
Figure 2.2 Synthesis route of two isomeric nickel complexes. 
 
2.2.2 Synthesis of 1 and 2 
   1 and 2 was prepared by literature methods with some modification.
91,92
 Briefly, 
to a stirred solution of sulforhodamine B (14.5 g, 25.0 mM) in anhydrous 
dichloromethane (220 mL) at 0 °C, was slowly added oxalyl chloride (10.7 mL, 
125 mM) and dimethylformamide (0.35 mL) in sequence. The resulting mixture 
was stirred at r.t. for 16 h and then the reaction mixture was concentrated in vacuo. 
To the resulting slurry, benzene (150 mL) was added and the volatiles were 
removed in vacuo. To the residue, diethyl ether (150 mL) was added to give a 
mixture, which was filtered and washed with ethyl acetate (50 mL) and dried 
under vacuum to give crude sulforhodamine B mono sulfonyl chloride. A solution 
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of crude sulforhodamine B sulfonyl chloride (1.10 g, 1.91 mM) and piperazine 
(0.82 g, 9.5 mM) in anhydrous dimethylformamide (15 mL) was stirred overnight 
under argon. The solvent was evaporated, and the residue was treated with 
column chromatography (acetonitrile/methanol/ammonia = 80:20:1) was to give 1 
(200 mg, 16.8%) and 2 (50 mg, 4.2%). 
Spectral data for 1: ESI-MS, [M + H]
+ 
calcd 627.23 for C31H39N4O6S2, found 
627.21. 
1
H NMR (300 MHz, CD3OD, δ (ppm), the unit of coupling constant is 
Hz): 8.55 (d, J = 1.5, 1H, CHCSO3), 8.05 (dd, J1 = 7.8, J2 = 1.5, 1H, CHCHCSO2), 
7.59 (d, J = 7.8, 1H, CHCHCSO2), 7.06 (q, J = 9, 4H, CHCHCN, CHCHCN is 
also coupled to CCHCN, J = 2.1), 6.96 (d, J = 2.1, 2H, CCHCN), 3.69 (q, J = 6, 





H} NMR (300 MHz, CD3OD, δ (ppm)): 157.90, 156.05, 
155.60,145.87, 137.26, 134.63, 132.11, 131.08, 128.58, 127.01, 113.75, 113.55, 
95.50, 46.30, 45.31,44.41, 11.29.  
Spectral data for 2: ESI-MS, [M + H]
+ 
calcd 627.23 for C31H39N4O6S2, found 
627.21. 
1
H NMR (300 MHz, CD3OD, δ (ppm), the unit of coupling constant is 
Hz): 8.54 (d, J = 1.2, 1H, CHCSO2), 8.25 (dd, J1 = 6, J2 = 1.2, 1H, CHCHCSO3), 
7.58 (d, J = 6, 1H, CHCHCSO3), 7.09 (q, J = 6.9, 4H, CHCHCN, CHCHCN is 
also coupled to CCHCN, J = 1.8), 6.98 (d, J = 1.8, 2H, CCHCN), 3.69 (q, J = 6, 8 





H} NMR (300 MHz, CD3OD, δ (ppm)): 157.79, 155.87, 154.49, 
147.90, 138.76, 132.69, 131.83, 131.76, 129.98, 127.08, 114.16, 113.79, 95.80, 
45.52, 45.45, 44.40, 11.42.  
2.2.3 Single-crystal structure determination of 1 and 2 
   Excess amount of 1 or 2 was added in small amount of methanol and the 
saturated solution was prepared. Then the solution was centrifuged and the 
supernatant layer was collected, which was left in the dark until needle crystals 
precipitated. The crystal of 1 is orthorhombic, space group Pbca. The asymmetric 
unit contains one molecule of the compound C31H38N4O6S2. H atom of the N was 
located from different map. One of the N(CH2CH3)2 was disordered over two 
positions with occupancy ratio= 63:37 and the other one was disordered with one 
 29 
 
terminal C atom occupying two positions. Final R values are R1 = 0.1192 and 
wR
2
=0.3023 for 2-theta up to 50º. The data is very poor because the quality of the 
crystal was very poor. Therefore, the bond precisions are very low. However, the 
structure shown clearly that the piperazine is attached to the para position as 
shown in the ORTEP (Oak Ridge Thermal-Ellipsoid Plot Program) drawing in 
Figure 2.3. The crystal of 2 is monoclinic, space group P21/c. The asymmetric 
unit contains one molecule of the compound C31H38N4O6S2. Two of the four ethyl 
chains were disordered (each into two parts at 70:30 ratio). The solvent residual 
peaks were low and close together, indicating disordered H2O or methanol 
molecules. We have fitted a model involving two disordered groups of water. In 
each groups the O atoms are placed at H bonding distances. However due to the 
fractional occupancy and the overall low and defused electron density, it was not 
possible to fix the positions of the H atoms of the water molecules. Final R values 
are: R1 = 0.0913 and wR
2
 = 0.268 for two-theta up to 52º. The ORTEP drawing is 
shown in Figure 2.3. 
2.2.4 Synthesis of 3 
   Compound 1 (150 mg, 0.24 mM) was suspended in methanol (15 mL), bubbled 
with argon gas for 10 min, then NaOH (2.5 eq., 1 M) was added, followed by 
carbon disulfide (15 eq.). The reaction was stirred at r.t. for 6 h and then solvent 
was evaporated to about 2 mL. To the resulting solution, diethyl ether (20 mL) 
was added to precipitate the solid, which was centrifuged to remove the 
supernatant. The resulting solid was dissolved in dichloromethane (20 mL) and 
dried over anhydrous Na2SO4. The solution was filtered and the filtrate was 
concentrated to 2 mL. To the solution, diethyl ether (20 mL) was added to make 
the solid precipitate and the solid was washed with diethyl ether three times and 
dried in vacuo to yield purple powder 3 (144 mg, 83%). High resolution ESI-MS, 
[M]
-
 calcd 701.1601 for C32H37N4O6S4, found 701.1592. 
1
H NMR (300 MHz, 
CD3OD, δ (ppm)): 8.57 (d, J = 1.8, 1H, CHCSO3), 8.08 (dd, J1 = 8.1, J2 = 1.8, 1H, 
CHCHCSO2), 7.61(d, J = 8.1, 1H, CHCHCSO2), 7.07 (AB q, J = 9.3, 4H, 
CHCHCN, CHCHCN is also coupled to CCHCN, J = 2.4), 6.96 (d, J = 2.4, 2H, 
CCHCN), 3.70 (q, J = 6, 8 H, CH2Me), 4.62, 3.22 (two t, J = 4.8, 8H, CH2CH2N), 




H}NMR (300 MHz, CD3OD, δ (ppm)): 213.51 
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(CS2), 157.85, 155.79, 155.69, 145.74, 137.30, 134.83, 132.15, 131.42, 128.68, 
127.01, 113.73, 113.68, 95.54, 49.12, 45.67, 45.39, 11.42.  
2.2.5 Synthesis of 4 
   Compound 4 (148.9 mg, 85%) was synthesized in the same procedure but with 
2 instead of 1. High resolution ESI-MS, [M]
-
 calcd 701.1601 for C32H37N4O6S4, 
found 701.1610. 
1
H NMR (300 MHz, CD3OD, δ (ppm)): 8.60 (d, J = 1.8, 1H, 
CHCSO2), 8.30 (dd, J1 = 7.8, J2 = 1.8, 1H, CHCHCSO3), 7.62(d, J = 7.8, 1H, 
CHCHCSO3), 7.08 (AB q, J = 9.6, 4H, CHCHCN, CHCHCN is also coupled to 
CCHCN, J = 2.1), 7.01 (d, J = 2.1, 2H, CCHCN), 3.72 (q, J = 7.2, 8 H, CH2Me), 





NMR (300 MHz, CD3OD, δ (ppm)): 213.71 (CS2), 157.62, 155.77, 153.83, 
147.54, 138.44, 132.77, 131.83, 131.61, 130.14, 127.48, 114.22, 113.70, 95.90, 
49.32, 45.64, 44.73, 11.54.  
2.2.6 Preparation of 5 
   Compound 5 was prepared by mixing Ni(NO3)2 
.
6H2O (2.9 mg, 0.01 mM) and 3 
(14.5 mg, 0.02 mM) in 10 mL methanol, which was centrifuged to remove the 
supernatant. The resulting solid was washed by 10 mL diethyl ether three times 
and 3 mL methanol three times and dried in vacuo to yield purple powder 5 (12.7 
mg, 87%). MALDI-TOF-MS, [M + H]
+ 
calcd 1461.24 for C64H75N8NiO12S8, 
found 1461.32. 
1
H NMR (300 MHz, CD3OD/ CDCl3, δ (ppm)): 8.83 (d, J = 1.5, 
1H, CHCSO3), 7.87 (dd, J1 = 7.8, J2 = 1.5, 1H, CHCHCSO2), 7.38(d, J = 7.8, 1H, 
CHCHCSO2), 6.92 (AB q, J = 9.3, 4H, CHCHCN, CHCHCN is also coupled to 
CCHCN, J = 2.4), 6.72 (d, J = 2.4, 2H, CCHCN), 3.62 (q, J = 7.2, 8 H, CH2Me), 
3.99, 3.34 (two t, J = 4.2, 8H, CH2CH2N), 1.32 (t, J = 7.2, 12H, CH3).  
2.2.7 Preparation of 6 
   It was prepared by mixing Ni(NO3)2 
.
6H2O (2.9 mg, 0.01 mM) and 4 (14.5 mg, 
0.02 mM) in 10 mL methanol. 10 mL diethyl ether was added to make solid 
precipitate, which was washed by 10 mL diethyl ether three times. The resulting 
solid was recrystallized in methanol/ chloroform (1:1) mixture 5 mL and dried in 
vacuo to yield purple powder 6 (11.4 mg, 78%). MALDI-TOF-MS, [M + H]
+ 
calcd 1461.30 for C64H75N8NiO12S8, found 1461.32.
1
H NMR (300 MHz, CD3OD/ 
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CDCl3, δ (ppm)): 8.58 (d, J = 1.8, 1H, CHCSO2), 8.28 (dd, J1 = 7.8, J2 = 1.8, 1H, 
CHCHCSO3), 7.44 (d, J = 7.8, 1H, CHCHCSO3), 7.03 (AB q, J = 9.6, 4H, 
CHCHCN, CHCHCN is also coupled to CCHCN, J = 2.4), 6.85 (d, J = 2.4, 2H, 
CCHCN), 3.12 (q, J = 7.5, 8 H, CH2Me), 3.69, 3.01 (two t, J = 4.8, 8H, 
CH2CH2N), 1.33 (t, J = 7.5, 12H, CH3).  
2.2.8 Measurement of fluorescence quantum yields  
   In a general procedure, 5 samples of analyte dissolved in ethanol having 
different absorbance between 0.01-0.1 at the excitation wavelength were prepared. 
Fluorescence spectrum was measured using prepared samples with slit width at 2 
nm for both excitation and emission and scan speed at 500 nm/min. Fluorescence 
quantum yields were calculated by plotting the magnitude of the integrated 
fluorescence intensity against the absorbance of the solution, using rhodamine 6G 
(QY = 0.95) and rhodamine B as double standard cross calibration.   
2.2.9 Procedures for sensing ROS 
   Stock solution of 6 (1 mM in methanol) was diluted in de-aerated methanol (3 
mL) to get a final concentration of 0.2 μM. Sodium hypochlorite, potassium 
superoxide, hydrogen peroxide, peroxynitrite, diethylamine NONOate (DEANO) 
for nitric oxide and 2,2'-azobis-2-methyl-propanimidamide dihydrochloride 
(AAPH) for peroxyl radical were freshly prepared before use (stock solution 
concentration at 0.3 mM). Peroxynitrite was prepared according to the literature
93
. 
Hydroxyl radical was generated in situ by adding ferrous sulfate in the presence 
of hydrogen peroxide (10 eq.). Concentrations of sodium hypochlorite (pH 12.0, 








) and peroxynitrite (PH 




) were determined by measuring their absorbance in their 
UV absorption immediately before use. Control group was prepared by adding 
pure water with the same volume to the probe solution. The fluorescence 
intensities were recorded before and after the addition of ROS and monitored over 
time. The selectivity in physiological condition was performed in a similar 
procedure, except that 6 was delivered using 20 equiv of DOTAP to aqueous 
solution and the experiments was conducted in PBS (10 mM, pH 7.4) at 37 oC. 
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2.2.10 Construction of dose-response curve to diethylamine NONOate 
(DEANO)  
    Stock solution of 6 (1 mM in methanol) was diluted in methanol at a final 
concentration of 0.2 μM. A series of concentrations of DEANO (0, 4, 8, 12, 16, 20, 
24, 28, 32, 40 and 48 μM) were obtained by dilution and mixed with probe 
solutions with a final volume of 3.0 mL. The fluorescence intensities were 
measured before and after the addition of DEANO stock solutions and monitored 
over time. The response in physiological condition was performed in a similar 
procedure, except that 6 was delivered using 20 equiv of DOTAP to aqueous 
solution and the experiments was conducted in PBS (10 mM, pH 7.4) at 37 oC. 
2.2.11 Analysis of reaction products of the fluorescent probe with NO2 
   HPLC analysis was performed with detection wavelength from 210 to 700 nm. 
The separation was accomplished with water (A), methanol (B) as the mobile 
phase and flow rate at 0.2 mL/min. The injection volume was 5 μL. The starting 
mobile phase condition was 5% B holding isocratic for 5 min before ramping 
solvent B to 100% over 50 min. B was held at 100% for 5 min prior to returning 
to starting conditions (5% B) in 5 min. The column was equilibrated with 5% B 
for 15 min prior to the next run. The LC conditions for LC-MS were identical to 
those used for HPLC analysis above. The products were characterized by liquid 
chromatography-high resolution mass spectrometry.  
2.2.12 Visual detection of NO2 gas 
   NO2 at various concentrations (1, 10 and 100 ppm) was prepared by diluting 
pure NO2 with air. Fluorescent probe was dissolved in methanol/chloroform (1:1) 
mixture and diluted in chloroform to 800 nM. 2 μL above probe solution was 
dropped on a piece of filter paper by a pipette. Then, the filter paper was kept still 
in dark room till dry. Finally the as-prepared indicating paper was immersed in 
the container with NO2/air mixture for 10 min. The fluorescence color responses 
of the indicating paper were observed under a UV lamp (8 W, λmax = 352 nm).As a 
comparison, same indicating papers were also observed under natural light.  
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2.2.13 In-vitro cytotoxicity test 
   Cytotoxicity of 1,2-dioleoyl-3-trimethylammonium-propane chloride salt 
(DOTAP, 25 mg/mL) in chloroform was measured using CytoTOX96 non-
radioactive cytotoxicity assay kit (Promega, Madison, WI, USA). Raw 264.7 cells 
were seeded at 2 x 10
4
 cells/well in a 96-well flat bottom plate (Corning Glass 
Works, Corning, NY,USA) and incubated for overnight in DMEM (Dulbecco’s 
Modified Eagle Medium) with 10% fetal bovine serum at 37 
o
C in 5% CO2 
humidified environment. DOTAP (12.5 μM-400 μM) was diluted using DMEM 
and added to the culture wells. Cells cultured in DMEM without DOTAP served 
as low control. The Culture plate was incubated for 4 h at 37 
o
C in 5% CO2 
humidified environment. The spontaneous lactate dehydrogenase (LDH) release 
was measured by performing the LDH assay as prescribed the manufacturer on 
the media supernatant. Triton X-100 was added to the wells to determine 
maximum LDH release in individual wells. The 96-well plate was centrifuged at 
1000 g for 10 min to separate the cell debris. The absorbance was measured at 
490 nm using Tecan Ultra 384 Micro plate reader. The cytotoxicity was expressed 
as the percentage between the result of the Spontaneous LDH and that of the 
maximum LDH from the same time. 
2.2.14 Cell culture and imaging 
   Mouse leukaemic murine macrophage cells (RAW 264.7) from the American 
Type Culture Collection (ATCC, Manassas, VA, USA) were cultured in DMEM 
(Dulbecco's modified Eagle's medium, GIBCO Grand Island, NY, USA) with 10% 
fetal bovine serum, 1% glutamine at 37 
ο
C in a 5% CO2 humidified environment. 
The cell suspension (10
6
/mL) was seeded on a chambered coverglass (Lab-Tek 
chambered #1.0 Borosilicate Coverglass System). After 24 h, the media was 
discarded and cells were washed with phosphate buffered saline (PBS) thrice. 
DOTAP (28 μL, 25 mg/mL in chloroform) and 6 (67 μL, 1 mg/mL or 645 μM in 
chloroform) were taken in a glass vial. The solvent was evaporated using a stream 
of nitrogen flow. The resulting lipid film was further dried under vacuum for 3 h 
to remove the traces of chloroform. The lipid film was hydrated with 1mL of de-
ionized water and sonicated for 5 min to give clear solution of liposome with 
DOTAP and 6 concentrations at 1.0 mM and of 50 μM respectively. The probe-
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DOTAP mixture (1:20) was diluted to 5 μM using DMEM and added to each well. 
After 4 h, the medium was discarded and cells were washed with PBS to remove 
excess probe-DOTAP in the well. The intracellular localization of probe-DOTAP 
mixture in single cell was investigated by a sequential z-step scanning using 
confocal microscopy (Olympus IX 81, Fluroview FV1000) equipped with a 60X 
water lens. Probe-DOTAP mixture was excited with a 540 nm Ar laser, and the 
fluorescent images were collected using filter sets more than 560 nm. Images 
were processed in IMARIS 3.0 (BITPLANE AG) software.  
2.2.15 Effects of DEANO on the intracellular probe 
   The cells were then transferred to fresh media with DEANO (0, 0.2, 0.5 and 
1mM) at room temperature. Central sections of cells were chosen to observe the 
fluorescent changes of probe-DOTAP mixture. The images were recorded with 
the same optical parameters of confocal microscopy at a time interval of 10 min. 
The fluorescence intensity quantification is calculated using Image J software. 
2.3 Results and discussion 
2.3.1 Preparation of nickel complexes based fluorescent probes for NO2  
   







Figure 2.4 MALDI-TOF mass spectra with isotope distributions of (A) complex 5 
and (B) complex 6. 
 
   The reaction of sulforhodamine with oxalyl chloride yielded a mixture of two 
isomeric compounds having the -SO2Cl group at the para or ortho position of the 
phenyl ring.
92 
The mixture was treated directly with piperazine, and the two 
isomers produced were separated readily by column chromatography to give the 
para isomer, 1 and the ortho isomer, 2 (Figure 2.2). Because of their similarity, it 
was difficult to distinguish their structures unambiguously on the basis of NMR 
and mass spectra alone. Hence, the structures were determined by single-crystal 
X-ray diffractions (Figure 2.3), and accordingly, the 
1
H NMR spectral data were 
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assigned with certainty. In the presence of sodium hydroxide, the two isomers 
reacted readily with carbon disulfide to produce dithiocarbamate sodium salts 3 
and 4, respectively. Then we mixed nickel(II) nitrate with 2 equiv of 3 and 4 to 
afford 5 and 6, respectively (Figure 2.2). The structures of 5 and 6 were 
characterized by 
1
H NMR spectroscopy, and the results were in agreement with a 
diamagnetic nickel complex having a square-planar configuration. Additionally, 
their MALDI-TOF mass spectra showed isotope distribution patterns matching 
the expected molecular formula (Figure 2.4). 
2.3.2 Quenching efficiency comparison between two isomers 
   To illustrate the effect of two isomers on fluorescence quenching, the 
fluorescence quantum yield (QY) of each compound shown in Figure 2.2 was 
measured (Table 2.1). The presence of the piperazine group at the ortho position 
in 2 (QY = 0.21) reduced the QY relative to the parent compound sulforhodamine 
B (QY = 0.34) more significantly than having this group at the para isomer in 1 
(QY = 0.28). The addition of dithiocarbamate groups further reduced the QY a 
little bit. The ortho isomer of the Ni(II) complex, 6, had the lowest QY, which 
was 70 times lower than that of ligand 4 alone, while the QY of the para isomer 5 
has only 5 times than that of the corresponding ligand 3.  
Table 2.1 Fluorescence quantum yields of compounds in Figure 2.2.
a  
 
Compounds Quantum Yields 









The quantum yields were measured in ethanol. Rhodamine 6G (QY = 0.95) and 
Rhodamine B were used as double standard cross calibration.  
 
   Energy transfer is not likely, as there is only a small overlap of the fluorophore 
emission and quencher absorption bands (Figure 2.5). The mechanism behind the 
fluorescence quenching probably involves to photoinduced electron transfer (PET) 
from the electron donor, Ni(II), to the sulforhodamine B excited state. The 
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energies of the highest-occupied molecular orbital (HOMO) and the lowest-
occupied molecular orbital (LUMO) of Ni(Me2NCS2)2 was calculated to be -4.09 
and -1.03 eV, respectively, and dithiocarbamate ligands are known to stabilize 
Ni(III).
94 
The HOMO and LUMO energies of rhodamine B are -8.058 and -5.266 
eV, respectively,
95 
and therefore, PET from Ni to the rhodamine B chromophore 
is energetically favored. Because PET is highly sensitive to the distance between 
the fluorophore and the quencher, the shorter distance from Ni to the center of the 
fluorophore in 6 is likely to result in a much higher quenching efficiency than for 
5. From the crystal structures of 1 and 2, the distances from the NH nitrogen in 
the piperazine group to the center of the fluorophore were calculated to be 9.4 and 
7.4 Å, respectively. Although we failed to obtain single-crystal structures of the 
Ni complexes, it is reasonable to assume that the distance from the Ni to the 
rhodamine B chromophore would be shorter in 6 than in 5. It should be borne in 
mind that in solution, molecular motions will have a significant effect on the 
distances.    
 
Figure 2.5 Comparison between UV absorption of nickel diethyldithiocarbamate 






Figure 2.6 Ortho isomer 6 is selective toward common ROS in methanol. (A) 
Fluorescence responses obtained upon the addition of various ROS (1 μM) to 6 
(0.2 μM) (λex = 540 nm, λem = 590 nm).  (B) Digital photos showing that NO2 
turns on the fluorescence but other ROS do not under illumination by a 365 nm 
UV lamp 5 min after the addition of ROS (5 μM) to 6 (1 μM).   
2.3.3 Selectivity and dose-response to diethylamine NONOate (DEANO) 
 
 
Figure 2.7 Response of ortho isomer 6 to DEANO at different concentrations in 
methanol. (A) Increments of fluorescence intensity of 6 (0.2 μM) against time 
after the addition of DEANO at different concentrations (λex = 540 nm, λem = 590 
nm).  (B) Dose-response curve for the fluorescence intensity of 6 (0.2 μM) 





Figure 2.8 Para isomer 5 is also selective toward common ROS. Fluorescence 
responses obtained upon the addition of various ROS (1 μM) to 5 (0.2 μM) (λex = 
540 nm, λem = 590 nm).   
 
   The selectivity of the ortho isomer 6 toward common reactive oxygen species 
(ROS) in methanol was evaluated (Figure 2.6). Only NO2 could increase the 
fluorescence intensity more than 12-fold, whereas other biologically relevant ROS 
could not do so. Neither nitrite nor nitrate could switch on the fluorescence. 
Moreover, addition of NO donor diethylamine NONOate (DEANO) rapidly 
turned on the fluorescence 12-fold within minutes, and there was an excellent 
dose-response relationship between the fluorescence intensity and the DEANO 
concentrations (Figure 2.7). In comparison, when the para isomer 5 was used, the 
magnitude of fluorescence increase was only 1.9-fold (Figure 2.8).  
   Although there is a sulfonate group on the fluorophore of probe 6, its water 
solubility is extremely poor. In aqueous media (water and buffer), there was no 
fluorescence intensity gain after addition of NO2. It turned out that the reaction 
products precipitated out even at the micromolar concentration level used in the 
experiment. Addition of a surfactant (Tween 20) to the reaction mixture before 
addition of NO2 led to fluorescence turn-on. Therefore, to introduce the probe 
under physiological conditions, 1,2-dioleoyl-3-trimethylammonium-propane 
chloride salt (DOTAP) liposome was applied as a delivery vehicle for my probe. 
It is found that probe 6 delivered using DOTAP demonstrated excellent selectivity 
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to NO2 (Figure 2.9) and a good dose-response relationship to DEANO (Figure 
2.10) in buffered aqueous media to simulate physiological conditions. 
 
 
Figure 2.9 Ortho isomer 6 is selective toward common ROS under physiological 
conditions. (A) Fluorescence responses obtained upon the addition of various 
ROS (1 μM) to 6 (0.2 μM) delivered using 20 equiv of DOTAP in 10 mM PBS 
(pH 7.4) at 37 
ο
C (λex = 540 nm, λem = 590 nm).  (B) Digital photos showing that 
NO2 turns on the fluorescence but other ROS do not under illumination by a 365 
nm UV lamp 5 min after the addition of ROS (5 μM) to 6 (1 μM) delivered using 




Figure 2.10 Response of ortho isomer 6 to DEANO at different concentrations 
under physiological conditions. (A) Increments of fluorescence intensity of 6 (0.2 
μM) delivered using 20 equiv of DOTAP against time after the addition of 
DEANO at different concentrations in 10 mM PBS (pH 7.4) at 37 
ο
C (λex = 540 
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nm, λem = 590 nm).  (B) Dose-response curve for the fluorescence intensity of 6 
(0.2 μM) delivered using 20 equiv of DOTAP obtained 3.5 min after the addition 
of DEANO in 10 mM PBS (pH 7.4) at 37 
ο




Figure 2.11 HPLC chromatograms of the products of reactions of 5 and 6 with 
NO2, recorded at 560 nm.  
 
   As a further test of whether the probe is sensitive to NO or NO2, we carried out 
the reaction in the absence of dioxygen by degassing the probe solutions and 
DEANO solutions before mixing them under nitrogen, and we failed to observe 
any fluorescence turn-on event. This observation showed that the fluorescence 
turn-on by DEANO required dioxygen, suggesting that it is NO2 that reacts with 
the probe as NO generated from DEANO is rapidly oxidized to NO2 by dioxygen 
present in the solution.
96
 This was confirmed by a separate test in which the 
responses of the probe to NO2 formed by mixing NO and air and to commercial 
NO2 gas were examined. Indeed, the fluorescence was turned on. To verify that 
the products of the reactions of 6 with DEANO in the presence of air and with 
NO2 gas are identical, the reaction products were analyzed using HPLC and LC-
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MS. The results suggested that the same major products with fluorescence were 
generated by the reactions of the probe with DEANO in the presence of air and 
with NO2 gas in methanol. These results clearly show that NO2 can turn on the 
fluorescence of the probe. Moreover, the para isomer 5 also reacted with NO2 in 
the same way as the ortho isomer 6, as characterized by HPLC chromatograms 
(Figure 2.11).  
2.3.4 Mechanism behind NO2 sensing  
 
Figure 2.12 Proposed mechanism of reaction of 5 and 6 with NO2.  
  
 The structures of the reaction products were then deduced on the basis of LC-
MS
n
 spectra, as shown in Figure 2.12. Apparently, NO2 oxidizes the 
dithiocarbamate ligand and generates Ni(II)-free compounds with strong 
fluorescence. The reaction was proposed to be initiated by oxidative formation of 
an adduct of NO2 with 5/6, Ni(R2NCS2)2(NO2). A subsequent intramolecular 
electron transfer reaction forms Ni(R2NCS2)(NO2) and R2NCS2• radical, and 
these radicals couple to give ligand dimers, which corresponded to peak B/B' 
(Figure 2.12). The compound corresponding to peak A/A' is generated by a 
secondary oxidation reaction of (R2NCS2)2 followed by methanolysis. 
Consistent with the two proposed compounds, ESI-MS analysis of the 











m/z 771.2, while ESI-MS analysis of the compound 
corresponding to peak B/B' demonstrated two dications, [M+2H]
2+  







m/z 724.2. My assignments are supported by ESI-MS
2
 
fragmentation patterns of A' and B'. The MS
2
 spectrum of peak A' showed three 







, respectively. The MS
2
 spectrum of peak B' gave a 
peak at m/z 627.2 formed from the molecular cation through homolytic cleavage 
of the S-S bond and subsequent loss of CS2. In addition, the formula of the 
species corresponding to peaks A' and B' were confirmed by high-resolution mass 
(Table 2.2). My results are in agreement with literature work, which showed that 
bis(diethyldithiocarbamato)nickel(II) [Ni(dtc)2] reacted with NO2 (but not with 
NO) to give corresponding paramagnetic Ni(dtc)3 as an intermediate, which 




Table 2.2 Identification of species corresponding to peak A' and peak B' by high 
resolution mass spectra. 
 
Peak Formula Calculated value Observed value 
A' C33H41N4O8S4 ([M+H]
+
) 749.1802 749.1777 
C33H40N4NaO8S4 ([M+Na]
+
) 771.1621 771.1622 
C66H81N8O16S8 ([2M+H]
+
) 1497.3531 1497.3479 
B' C64H76N8O12S8 ([M+2H]
2+
) 702.1669 702.1657 
C64H75N8NaO12S8 ([M+H+Na]
2+
) 713.1578 713.1582 
C64H74N8Na2O12S8 ([M+2Na]
2+
) 724.1488 724.1494 
C64H75N8O12S8 ([M+H]
+







Figure 2.13 LC-MS and LC-MS
2
 results for (A) peak A' and (B) peak B'.  
2.3.5 Visual detection of NO2 in air 
   In view of the high toxicity of NO2 in the atmosphere, the U.K. Health and 
Safety Executive has approved occupational exposure standards of 1 ppm (8 h 
time-weighted average) and 5 ppm (short-term exposure limit) for NO2.
97 
Convenient detection of gaseous NO2 would be ideal for monitoring air pollution 
due to NOx (x = 1 or 2, with NO2 being dominant species). For this purpose, 
probe 6 was successfully applied in visual detection of gaseous NO2 with a 
detection limit reaching 1.0 ppm by using NO2 indicator strips prepared by 
dropping a 1:1 methanol/chloroform solution of 6 (800 nM) on filter paper to give 
round stains ca. 5 mm in diameter after solvent evaporation. The NO2 indicator 
strips were exposed to different concentrations of NO2 gas for 10 min. Under 
regular laboratory light, no apparent spot could be detected on any of the indicator 
strips (Figure 2.14 right). When the strips were exposed to a UV lamp (352 nm), 
red fluorescence spots could be observed visually for strips exposed to NO2 gas at 
concentration as low as 1.0 ppm, and the fluorescence intensity increased in a 
dose-dependent manner at 10 and 100 ppm NO2 (Figure 2.14 left). The results 
demonstrated that NO2 indicator strips immobilized with probe 6 can serve as a 




Figure 2.14 Visual detection of NO2 gas. NO2 concentrations of 0, 1, 10, and 100 
ppm were tested. The images on the left were obtained under illumination by a 
352 nm UV lamp in the dark. For comparison, no color can be seen in the images 
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on the right, which were obtained under laboratory lighting without UV light 
excitation. 
2.3.6 Effects of NO2 on the intracellular probe 
   To introduce the probe into a biological system, a liposomal carrier was applied. 
Cationic liposomes have been studied extensively in gene therapy applications, 
and cationic lipids are effective in vaccine formulations to treat cancers.
98,99
 
Therefore, DOTAP liposome was applied as a delivery vehicle for my probe. 
Although it is known that DOTAP liposome at high concentration are toxic to 
cells, my observation showed that RAW 264.7 cells can withstand up to 100 μM 
DOTAP (Figure 2.15).  
 
 
Figure 2.15 Cytotoxicity data for DOTAP at various concentrations after 4 h 
incubation with RAW 264.7 cells. The DOTAP at 100 μM adopted in the cell 
imaging experiment demonstrates negligible cytotoxicity (less than 5%).  
 
   To illustrate the fluorescence from probe 6 uptaken by cells can be turned on by 
addition of NO2, RAW 264.7 cells treated with DOTAP liposome containing 6 (5 
M) were further treated with DEANO as a NO2 donor. The fluorescence images 
of the cells (Figure 2.16B, D) clearly illustrate that the fluorescence intensity 
could be efficiently enhanced by adding DEANO (for an intensity plot, see Figure 
2.17). Moreover, the Z-stack gallery image (Figure A.2.9) clearly shows that 
probe 6 dispersed in DOTAP was efficiently taken up by RAW 264.7 cells. The 
3D images in Figure 2.16A-D demonstrate the depth distribution of 6 inside cells 





Figure 2.16 NO2 turns on the fluorescence of RAW 264.7 cells stained with 6. (A, 
B) 3D images of single cells (A) without and (B) with DEANO treatment (1 mM). 
(C, D) 3D images of group of cells (C) without and (D) with DEANO treatment 




Figure 2.17 Fluorescence quantification of confocal images of RAW 264.7 cells 
stained with 6, with and without DEANO treatment (n = 5). 
 
2.4 Conclusion 
In conclusion, we have demonstrated that Ni(II) complexes of dithiocarbamate 
ligands containing sulforhodamine B fluorophores are highly selective probe for 
detection of NO2. To the best of my knowledge, this is the first example of live-
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cell fluorescence imaging of NO2 activity and visual detection of gaseous NO2 at 
low concentrations. Many third-row transition metals are good fluorescence 
quenchers because their complexes with fluorescent ligands are paramagnetic as a 
result of the unpaired metal d electrons. In contrast, the Ni(II) coordination 
spheres in complexes 5 and 6 adopt square-planar geometry and are diamagnetic. 
Further research to understand the quenching mechanisms of Ni(II) and develop 
even more sensitive probes with rational combination of fluorophores and nickel 




























Chapter 3. A High-Throughput 













    Antioxidant capacity is related with compounds capable of protecting a 
biological system against the potentially harmful effect of processes or reactions 
involving reactive oxygen / nitrogen species (ROS/RNS), which may result in the 
advent of diseases such as inflammation, cardiovascular disease, cancer, and 
aging-related disorders.
100,101
 Dietary antioxidants, including phenolic compounds, 
vitamins E and C, and carotenoids, are believed to be nutrients effective in the 
prevention of these oxidative stress related diseases by sacrificially scavenging, 
inactivating and destroying ROS/RNS.
102,103
 These protective effects of 
antioxidants have received increasing attention within the general public, 
biological, medical, nutritional and agrochemical fields, resulting in the 
requirement of simple, convenient, and reliable antioxidant capacity 
determination methods.
104-106
 Oxygen Radical Absorbance Capacity (ORAC) 
assay, Trolox Equivalent Antioxidant Capacity (TEAC) assay, Ferric Reducing 
Ability of Plasma assay and crocin-bleaching assay are some of the common ones 
that have been reported,
105
 which vary significantly in their radicals detected, 
probing mechanisms and quantification approaches. Despite the numerous 
published methods in measuring antioxidant capacity, no one assay can allow the 
quantification of the total antioxidant capacity, because it seems to be rather 
unrealistic to use a one-dimensional method to assess the highly dynamic and 
complicated reactions between different reactive oxidizing radicals and 
antioxidants.
105
 To comprehensively study different aspects of antioxidants, 




   NO2 is a major air pollutant generated from high-temperature oxidation of 
nitrogen in combustion.
107
 Biologically, NO2 has been implicated as the root 
cause of toxic effects of RNS derived from in-vivo peroxynitrite decomposition
108
 
and one-electron reduction of nitrite by metalloenzymes.
109
 As an air-stable and 
strong lipophilic oxidant, NO2 is known to trigger lipid auto-oxidation which 
would cause cell membrane damage, eventually cell death, and oxidative nitration 
of aromatic amino acids, particularly tyrosine, which would result in protein 
degradation.
110
 With such detrimental effects occurring, it is therefore necessary 
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to consume dietary antioxidants to counteract the harmful NO2 implied oxidative 
stress exerted on our delicate biological system. An assay to assess the antioxidant 
activity against NO2 of various natural products would thus prove to be a valuable 
tool to deter oxidative stress. Previously, the reactions of NO2 with catechins, a 
group of flavonoids in high amounts in green tea and red wine, had been 
investigated by pulse radiolysis method.
111
 However, this method can only 
analyze one sample at a single concentration per run; thus, tedious and laborious 
work is required if a large number of antioxidants are to be evaluated, suggesting 
a need for a more convenient assay.  
   Herein, we reported the first high-throughput fluorometric assay for Nitrogen 
Dioxide Scavenging Capacity (NDSC) of antioxidants by taking advantage of the 
novel NO2 selective probe reported in Chapter 2, using diethylamine NONOate 
(DEANO) as the NO2 source. For the first time, the mechanism of phenolic 
compounds as NO2 scavengers was determined in details, using epicatechin and 
gallic acid as examples. Through measuring the antioxidant capacities of various 
tea catechins and their model compounds in this NDSC assay, their structure-
activity relationship was also explored. Additionally, a good correlation of ORAC 
values and NDSC values was observed; hence, NDSC assay may serve as an 
important tool complementary to commonly accepted assays to provide a clearer 
quantitation of antioxidant capacity. 
3.2 Materials and methods 
3.2.1 Materials and instruments  
  All experiments were performed with reagents of analytical grade or HPLC 
grade. Chemicals were purchased from Sigma-Aldrich and used without further 
purification. NO2 selective fluorescent probe, a sulforhodamine B containing 
nickel(II) dithiocarbamate complex was prepared according to my previous 
reported method.
112
 Fluorescence measurements were carried out using a Synergy 
HT microplate fluorescence reader from Bio-Tek Instruments, Inc (Winooski, 
Vermont), installed with KC4 software. Fluorescence spectra were obtained on 
PerkinElmer LS55 fluorometer with slit width at 10 nm for both excitation and 
emission. UV-vis spectroscopic studies were carried out on Shimadzu UV-1601 
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UV-visible spectrophotometer accompanied with a quartz cell and installed with 
UVProbe software. HPLC analysis was performed on a Waters 2695 HPLC 
system equipped with an Alliance 2659 separation module and Waters 2996 PDA 
detector (Milford, MA, USA) and installed with Empower program. A C18 
reverse-phase column (Waters Atlantis T3, 6 µm, 4.6 x 150 mm) was used 
throughout this study. The PDA acquisition wavelength range was set at 210–700 
nm. LC/MS spectra were acquired using Bruker Amazon ion trap mass 
spectrometer (Billerica, MA) equipped with an ESI source and a Dionex ultimate 
3000RS HPLC system (Bannockburn, IL), installed with Chameleon, Hystar and 
Trapcontrol software. The heated capillary and spray voltage were maintained at 
200 C and 4.5 kV, respectively. Nitrogen was operated at 80 psi for sheath gas 
flow rate and 20 psi for auxiliary gas flow rate. The full scan mass spectra from 
m/z 70–1000 were obtained in negative ion mode with a scan speed of one second 
per scan.  
3.2.2 Construction of dose-response curve to DEANO 
   NO2 probe stock solution was diluted in methanol to a final concentration of 3 
μM. A series of concentrations of DEANO (0, 200, 400, 500, 600, 700, 800, 900, 
1000 μM) were obtained by dilution with sodium hydroxide solution and mixed 
with phosphate buffer and probe solutions in a ratio of 1 : 1 : 8 to a final volume 
of 3.0 mL. The fluorescence intensities were measured 5 min after the addition of 
DEANO stock solutions on the fluorescent spectrometer (Figure 3.2A). Figure 
3.2B was derived using the microplate reader. Preparations of reagents followed 
the above but were mixed to a final volume of 200 μL in each well of the 96-well 
microplate. Fluorescence intensities in this case were read and monitored over a 
period of 10 min.    
3.2.3 Nitrogen dioxide scavenging capacity (NDSC) assay  
   NO2 probe solution (4.3 μM) was prepared in methanol and DEANO (8 mM) 
was completely dissolved in sodium hydroxide solution (10 mM, pH 12) and kept 
in ice bath. In this study, nine pure phenolic compounds (phenol, catechol, 
pyrogallol, gallic acid, epicatechin, epigallocatechin, epicatechin gallate, 
epigallocatechin gallate and epiafzelechin) stock solutions were diluted with 
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methanol to 10, 20, 30 and 40 μM working solutions. Fluorescent probe (140 μL), 
sample (20 μL), phosphate buffer (20 μL) and DEANO solution (20 μL) were 
pipetted and mixed in individual wells of a 96-well flat-bottom microplate. 
Fluorescence intensity was then recorded every minute for 15 min at an excitation 
wavelength of 540 nm and an emission wavelength of 590 nm at 37 
o
C. 
Microplate was shaken for 4 sec at low intensity prior to each scan. Methanol 
control (20 μL) was conducted in parallel for each of the samples on the same 
microplate.  
3.2.4 Data processing (NDSC value) 
   DEANO decomposes, with a half live of 2 min, to give NO when dissolved in 




 Under normal aerobic condition, NO 




The NO2 produced will either react with the fluorescent probe (P) or be scavenged 
by an antioxidant (AH). There exists competition between them for the constant 





Although the radical A• can further react with NO2 to form an adduct as we have 
shown in following mechanistic study, the radical coupling reaction is believed to 
be a fast reaction and thus not a rate limiting step. Therefore, assuming the 
reactions occur under steady state, the rate of probe oxidation can be expressed by 
the following equation:  
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In the absence of antioxidant ([AH] = 0), the uninhibited reaction rate,  
V0 = Ri 
2 •NO + O2                   2 •NO2 (1) 
P + •NO2                    PNO2 
kp 
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From equation (4) and (5), the following relation between the fluorescence 
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The plot of V0/V against [AH] will arrive at a linear function with an intercept at 
(0, 1) and a slope 
   
  [P]
. With reference to Figure 3.3A, a tangent at the second 
minute was plotted on each kinetic curve to obtain the initial fluorescence 
increase rates for each concentration. From this, V0/V values can be deduced and 
plotted against their corresponding [AH] as expressed in Figure 3.3B.   
    At initial conditions, it is reasonable to assume that kp[P] is a constant. 
Therefore, the kAH value can be obtained from the slope and is NDSC value as: 
         [ ]                                         
Where SAH is the slope for antioxidant (AH). However, to obtain the absolute 
values for kAH, kp needs to be determined. If a reference standard can be used, 
there is no need to obtain the absolute kAH values for comparison of relative NO2 
scavenging activity. We selected one of the most common flavanols epicatechin 
(EC) as a reference standard to compare with samples. Therefore: 
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Normalizing the kAH with kEC, we have: 
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Based on equation 10, the kAH can be obtained because kEC was measured recently 




 by pulse radiolysis study.
111
 For convenience’s sake, 
epicatechin equivalence is used to express the NO2 absorbance capacity. For 




for polyphenolic compounds are dimensionless. The NDSC value for epicatechin 
is defined as one.  For mixture samples, the unit of the NDSC is micromole EC 
equivalent per gram (for solid) or micromole EC equivalents per liter for liquid 
samples such as fruit juices.  
3.2.5 Oxygen radical absorbance capacity (ORAC) assay 
  The assay was carried out on a microplate reader with an excitation wavelength 
of 485 nm and an emission wavelength of 530 nm. The temperature of the 
incubator was set to 37 °C. The procedure was based on the modified ORAC-FL 
method.
115
 AAPH (0.414 g) was dissolved in phosphate buffer (10 mL) to entail a 
final concentration of 153 mM. This was kept in ice bath until use and the unused 
portion was disposed within 8 h. The fluorescein stock solution was diluted with 
phosphate buffer to compose 8.16 × 10
-5
 mM working solution. Trolox (as a 
standard) stock solution was diluted using the same buffer by the Precision XS 
microplate sample processor from Bio-Tek Instruments, Inc (Winooski, Vermont, 
USA)  to give 100, 50, 25, 12.5 and 6.25 μM working solution. The tea samples 
were diluted in the same manner with a serial dilution of 20xs, 40xs, 80xs, 160xs 
and 320xs. Fluorescein working solution (160 μL), AAPH (20 μL), and sample 
(20 μL) were mixed in each well and introduced into plate reader for fluorescence 
readings to be taken every two minutes for 2 h. The net area under the curve was 
then tabulated for each kinetic curve obtained. ORAC value = [(AUCsample - 
AUCblank)/(AUCTrolox - AUCblank)](molarity of Trolox/molarity of sample). Data 
were expressed as μmole Trolox Equivalents (μmole TE). Experiments were 
carried out in duplicates.  
3.2.6 Preparation of NO2 gas  
NO2 gas was prepared by adding concentrated nitric acid dropwise to copper 
wire and collected in a dry round bottom flask with phosphorus pentoxide inside. 
The flask was sealed and kept in dark and cool place. NO2 gas at certain 
concentrations was prepared by diluting pure NO2 with argon. Caution: The 
highly toxic NO2 gas should be used with extreme caution and handled only in 
relative small quantities. 
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3.2.7 Preparation of NO gas and its reaction with epicatechin  
   Sodium nitrite (2.87 g) was dissolved in deionized water and ascorbic acid (3.67 
g) was accurately weighed. EC (3 mg/mL) was prepared by dissolution in 
methanol. All reagents were placed in the air tight set-up, and then the system was 
flushed with argon gas for 30 min to ensure an inert environment so that there 
would be absence of NO autoxidation. NaNO2 solution in the burette was then 
released in a drop-wise manner to react with ascorbic acid placed in the round 
bottom flask, generating NO gas. Approximately 1 L of NO gas would be 
generated and passed through the concentrated NaOH (4 M) first to remove any 
possible acid gas possibly formed, then the EC solution. There was no visible 
color change for the EC solution after 6 min when all NaNO2 and ascorbic acid 
had reacted. Prior to removal of EC solution for further analysis, the system was 
once again flushed with argon gas for 30 min to remove any unreacted NO gas.   
3.2.8 HPLC and LC-MS studies of reaction products 
   The reaction products between NO2 (0.0414 M, 1.5 mL) and EC (2 mg/mL, 1.5 
mL) in methanol were analyzed by HPLC with detection wavelength from 210 to 
700 nm. The mobile phases were HPLC water (solvent A) and methanol (solvent 
B). Sample (10 μL) was injected into the HPLC system with the column 
equilibrated with 60% solvent B. Gradient elution was utilized and programmed 
to obtain a linear increase in solvent B ratio from 60% to 0% in 60 min at a flow 
rate of 0.2 mL/min. The column was equilibrated to 60% in 10 min prior to the 
next run. The above was also performed for the analysis of reaction product from 
EC and NO. The LC conditions for LC-MS analysis were similar to those 
mentioned above except with 5 μL of sample injected and detection wavelengths 
at 280 and 350 nm. The same procedure was utilized for analysis of product 
between gallic acid and NO2.  
3.3 Results and discussion 
3.3.1 NDSC assay development  
   Here we present an accurate and highly efficient assay to assess antioxidant 
capacity against NO2, monitoring competitive reaction kinetics between an 
introduced antioxidant and the NO2 probe. The biggest advantage of this assay is 
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the adoption of a high-throughput microplate reader in a 96-well format. In this 
assay, the selective turn-on fluorescent probe for NO2 discussed in Chapter 2 was 
utilized, containing Ni(II) bisdithiocarbamate as a fluorescence quencher and NO2 
reaction center.
112
 In addition to good sensitivity and selectivity demonstrated 
previously, it is evident that this probe is photostable and the antioxidants 
examined will not influence the fluorescence (Figure 3.1); therefore, this probe is 
suitable for monitoring the scavenging of NO2 by antioxidants. As a widely 
accepted NO donor, diethylamine NONOate (DEANO) was proved to be a good 
NO2 source in oxygenated solution to establish the dose-response curve for NO2 
fluorescent probe, yielding the identical products as NO2 gas after reacting with 
the probe.
112
 There exists a good linearity between the fluorescence intensity and 
the concentration of DEANO (Figure 3.2), and 800 μM was selected for the 
concentration of DEANO in this NDSC assay accordingly. 
 
 
Figure 3.1 The fluorescent probe (3 μM) demonstrated excellent photostability 
and antioxidants (epicatechin as an example) examined had little influence on 
fluorescence (continuous scanned for 30 min at one min interval, λex = 540 nm, 






Figure 3.2 (A) Increments of fluorescence intensity of the fluorescent probe (3 
µM) after the addition of DEANO at different concentrations (λex = 540 nm, λem = 
590 nm). (B) Dose-response curve for the fluorescence intensity of fluorescent 
probe (3 μM) obtained 2 min after the addition of DEANO (λex = 540 nm, λem = 
590 nm). 
 
   Antioxidants are known to scavenge reactive oxidizing radical species;
116
 
therefore, in this NDSC assay, an antioxidant would compete with the probe for 
the NO2 present and lead to a retardation in the fluorescence increase rate (Figure 
3.3A).
103,105
 The initial fluorescence increase rates for each added concentration of 
antioxidants were determined from the plot. A ratio (V0/V) established between 
the initial rate due to the added antioxidant (V) and blank (V0) would give a direct 
measurement of the magnitude of competition exerted by the antioxidant on the 
probe, and thus making the scavenging intensity delivered by each concentration 
of antioxidant apparent. As discussed in 3.2.4, by plotting V0/V ratio against the 
various concentrations of antioxidant employed (Figure 3.3B), an excellent linear 
response was achieved conforming with equation (6). Stock epicatechin (EC) 
solution, stored at -20 
o
C and away from light, is stable for at least five days
117
 
and thus would provide accurate reference value, unlike epigallocatechin gallate 
or epicatechin gallate that is susceptible to hydrolysis due to presence of ester 
linkage. Moreover, EC showed moderate scavenging capacity among these 
examined phenolic compounds (Table 3.3) and thus reiterated its suitability as a 
standard.     
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Figure 3.3 (A) Increments of fluorescence intensity of the probe (3 μM) against 
time after the addition of DEANO (800 μM) and epicatechin at different 
concentrations. (B) V0/V as a function of concentration of epicatechin. 
3.3.2 Mechanism behind NO2 scavenging activity of phenolic compounds 
Catechins are antioxidant phenols commonly found in many dietary 
consumables,
118
 and it had been proposed by several researchers that the radical 
scavenging activity is derived from the B-ring or D-ring of catechins (Figure 
3.10).
111,114,119-121
 Using EC as an example (Figure 3.4A), as illustrated in a 
general reaction mechanism, the NO2 radical oxidizes a hydroxyl group on the B-
ring and produces a phenoxyl radical via a single electron transfer followed by a 
deprotonation.
111,114,121
 To further study the mechanism of phenolic compounds as 
NO2 scavengers, HPLC, LC-MS and LC-MS/MS are conducted to identify and 
characterize the oxidized products of EC (Figure 3.5 and Table 3.1). EC (Rt = 
18.4 min) generated mass ions at m/z 288.9, 579.1 and 869.1, which were deduced 
as [M – H]-, [2M – H]- and [3M – H]-, respectively. Self-association is likely to 
occur in phenolic compounds due to the π - π stacking of aromatic rings, which is 
responsible for the strong signals at m/z 579.1 and 869.1.
122
 Three product peaks 
were observed upon reacting EC with NO2, appearing at 29.8, 31.8 and 42.6 min 
respectively, which were isomers and shared the same mass ions at m/z 334.0 ([M 
– H]-) and m/z 669.0 ([2M – H]-). Furthermore, all three mass ions at m/z 334.0 
generated three fragments at m/z 124.8, 162.7 and 287.8. The fragment at m/z 
287.8 corresponds to a [M – H]- ion of a EC phenoxyl radical due to the 
scavenging reaction illustrated in Figure 3.4A, while fragments at m/z 124.8 and 
164.7 were formed from the characteristic heterocyclic ring fragmentation on the 
C-ring of EC (Figure 3.6).
123,124
 From m/z 334.0 to 287.8, there appears to be a 
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loss of 46 Da, which is equivalent to a NO2. Therefore, products were proposed to 
be generated by the EC phenoxyl radical combined with a NO2 radical. With 
reference to Sang et al, the EC phenoxyl radical in Figure 3.4A can undergo 
electron delocalization to form the resonance structures in Figure 3.4B.
121
 
Additionally, radical scavenging can alternatively occur via the para-OH on the 
B-ring and result in the following resonance pair in Figure 3.4C. From these 
resonance structures, there are three positions on the B-ring of EC, where the 
radical can reside and combine with NO2 radical to form the three products 
identified by LC-MS analysis. 
With these results and speculations, the mechanism for the formation of one 
product and structures of the other two isomeric products formed via the similar 
mechanism were proposed (Figure 3.7A). Substitution of a NO2 group onto the 
aromatic B-ring extends the conjugated system, thus making EC more 
chromophoric.
125
 This is consistent with the longer detection wavelength required 
for the oxidized products of EC, and the observed change of the solution from 
colorless (EC) to yellow (oxidized products of EC) upon reaction with NO2.    
 
 
Figure 3.4 (A) Schematic illustration of the general reaction mechanism between 
epicatechin and NO2. (B) Resonance structures of epicatechin phenoxyl radical 
shown in Figure 3.4A. (C) Resonance structures of epicatechin phenoxyl radical 






Figure 3.5 (A) HPLC profile of epicatechin, recorded at 280 nm. (B) LC-MS’s 




Figure 3.6 ESI(-)-MS/MS fragmentation pattern for epicatechin (HRF = 
heterocyclic ring fission). 
 
Table 3.1 Retention time and mass spectra data of epicatechin and its oxidized 




MS (m/z) MS/MS (m/z) 






Product 1 29.8 334.0 
669.0 
124.8, 164.7, 287.8 
333.9 
Product 2 31.8 334.0 
669.1 
124.9, 164.7, 287.8 
333.9 
Product 3 42.6 334.3 
669.3 






Figure 3.7 (A) Proposed mechanism for NO2 reaction with epicatechin. (B) 
Proposed reaction mechanism for NO2 and gallic acid. 
 
   Similar analyses were conducted for the reaction of gallic acid and NO2 
(Figure 3.8 and Table 3.2).  The reaction between gallic acid and NO2 gave rise to 
an unusual product with UV-VIS absorption maximum at 350 nm indicating NO2 
adduct with the phenyl. The mass spectrum shows a peak at m/z 170 and 341, 
which fits that of nitrogallol (molecular weight of 171) and its dimer (342). We 
proposed that the reaction happen via two steps (Figure 3.7B): firstly, hydrogen 
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atom abstraction (or electron transfer followed by loss of a proton) by NO2 
resulted in a phenolic radical, the second NO2 would attack the carbon at the para 
position of the phenol radical to give ketone intermediate. Subsequent 
decarboxylation resulted in observed product, 4-nitrogallol. The molecular weight 
of the product is only one unit more than that of gallic acid and can be deceptive 
to assign its structure at the first sight. However, the MS spectra of gallic acid and 
the reaction product is indeed different by one unit.  The MS
2
 of gallic acid and 
that of nitrogallol give rise to the same fragment gallol anion at m/z 125. 
 
 
Figure 3.8 (A) HPLC profile of gallic acid, recorded at 280 nm. (B) LC-MS’s LC 
profile of gallic acid treated with NO2, recorded at 350 nm. 
 
   In short, the mechanism study using EC and gallic acid validated the conclusion 
made by several researchers that the radical scavenging by catechin will produce a 
phenoxyl radical localized on the B-ring or D-ring (represented by gallic acid, a 
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common moiety for D-ring). Several literatures had evidently reported that the 
scavenging activity of catechins is mainly credited to the B or the D-ring and that 
even if the A-ring phenoxyl radical is to form, it will convert via intramolecular 
electron transfer to B-ring phenoxyl radical for stabilization.
111,119,120
 
Table 3.2 Retention time and mass spectrometric data of gallic acid and its 




MS (m/z) MS/MS (m/z) 












Figure 3.9 (A) UV-vis spectrum showing epicatechin absorption peak at 280 nm 
(red curve) and product peaks (300 to 400 nm) from reaction of epicatechin with 
NO2 gas. The product between epicatechin and DEANO under ambient condition 
demonstrated the same spectra with that of NO2 gas (black curve). (B) UV-vis 
spectrum showing only epicatechin absorption peak observed at 280 nm for 
reaction of epicatechin and NO gas or DEANO in degassed solution.  
  
   UV-vis spectroscopic analyses on the products between EC and NO2 and that of 
EC and DEANO (under normal aerobic condition) respectively produced the 
same spectra (Figure 3.9A, black curve), showing product absorbance peaks from 
300 to 400 nm. However, as a NO donor, DEANO does not release NO2 directly 
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but releases NO which is also a radical species. To elucidate whether phenolic 
compounds scavenge NO2 directly or scavenge NO to prevent NO2 generation, 
UV-vis spectroscopic analyses for the reaction between EC and NO gas and that 
of EC with DEANO (under de-aerated condition) were performed. As 
demonstrated in Figure 3.9B, no change was found, compared to the EC spectra. 
Moreover, this observation is reaffirmed by HPLC analysis, which exhibited only 
a single absorption peak for EC (Rt = 18 min), suggesting that there was no 
reaction between EC and NO. The alignment of the results thus further proved the 
validity of the proposed mechanism and thus the foundation for the NDSC assay. 
3.3.3 Antioxidant capacity quantification of phenolic compounds 
   In addition to five common catechins including epiafzelechin (EAC), 
epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG) and 
epigallocatechin gallate (EGCG), four other model compounds (phenol, catechol, 
pyrogallol and gallic acid) that represent important partial structural features of 
above catechins (Figure 3.10) were also evaluated. Their respective NDSC values 
(Table 3.3) were tabulated using the plots shown in Figure 3.11 with EC as the 
standard reference. The scavenging potential of these nine compounds against 
NO2 radical are in order of increasing efficacy, phenol < EAC < catechol < 
pyrogallol < gallic acid < EC < EGC < ECG < EGCG. 
 
 




Table 3.3 NDSC value (epicatechin equivalents) of nine examined phenolic 
compounds.  
 
Phenolic compounds Slope ( 
 AH
 probe[P]




EC (standard) 0.36 1.00 ± 0.08 
ECG 0.67 1.83 ± 0.10 
EGC 0.47 1.29 ± 0.04 
EGCG 0.85 2.33 ± 0.03 
Phenol 0.13 0.35 ± 0.03 
Catechol 0.20 0.54 ± 0.02 
Pyrogallol 0.22 0.62 ± 0.01 
Gallic acid 0.26 0.73 ± 0.02 





Figure 3.11 Plots of V0/V as a function of concentration for nine phenolic 
compounds. 
 
   In general as seen from the NDSC results, structures with the most phenolic 
hydroxyl groups exhibit the greatest scavenging activity with the exception of 
EAC. The catechins are seen to exert greater antioxidant effect than their model 
phenolic compounds. This disparity seems to be elicited by the effect of a 
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substituent at C-5 of the B-ring in the catechins on the electronic structure of the 
aromatic ring.
119
 Comparing the NDSC values of gallic acid and pyrogallol (gallic 
acid > pyrogallol), it is possible to assume that the gallate phenoxyl radical 
formed upon oxidation by NO2 achieved resonance stabilization via delocalization 
of the unpaired electron over the electron withdrawing carboxyl group
126
 as 
opposed to the galloyl phenoxyl radical. Applying this principle, we could 
postulate a similar electron withdrawing effect induced by the distal oxygen in the 
C-ring and aromatic A-ring for the catechins radical formed on the B-ring; 
thereby achieving stability which in turn leads to greater scavenging capability of 
catechins, compared to their model phenolic compounds. These reaffirm the 
conclusion made by Burton et al. that the rate of radical scavenging by phenolics 
is dependent on the degree of stabilization of the phenoxyl radical.
127
   
   In view of the structures of EAC, EC and EGC, they all incorporate the same 
substituting group at C-5 consisting of a resorcinol moiety as their A-ring. 
Therefore, it is safe to assume that the difference in their antioxidant ability (EAC 
< EC < EGC) is only attributed to their variant in the B-ring. Phenol, catechol and 
pyrogallol, model compounds for these three catechins, also displayed the same 
trend in their NDSC values (phenol < catechol < pyrogallol). This relationship 
further highlights the importance of hydroxyl groups ortho to each other in radical 
scavenging reactions, allowing for the formation of an intramolecular hydrogen 
bonding
128,129
 and thereby providing additional stabilization for the catechol 
phenoxyl radical formed on oxidation. Pyrogallol possesses two neighbouring 
hydroxyl groups at C-1 and C-3 to that at C-2 which allows for the exertion of 
two intramolecular hydrogen bonds and thus supplying a more immense 
stabilizing effect to the phenoxyl radical generated at C-2 upon a one electron 
reduction of NO2.
128,129
 On the contrary, this radical stabilization effect is absent 
in EAC and phenol; therefore, leading to their lower scavenging effects compared 
to their counterparts. However, from Figure 3.7B, the gallic acid phenoxyl radical 
is not localized at C-2 like in the case for pyrogallol and EGC, but on either C-1 
or C-3, this signifies that the stabilization of the phenoxyl radical via electron 
delocalization over the carboxyl group overweighs the effect of intramolecular 
hydrogen bonding in radical scavenging.  
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   For ECG and EGCG contain an additional gallate moiety (D-ring) as compared 
to EC and EGC respectively. Therefore, it is probably due to this gallate group 
that makes ECG and EGCG having NDSC values larger than EC and EGC. Both 
ECG (NDSC = 1.83 ± 0.10) and EGCG (NDSC = 2.33 ± 0.03) have values almost 
twice that of EC (NDSC = 1.00 ± 0.08) and EGC (NDSC = 1.29 ± 0.04) 
respectively, and this correlates well with ECG and EGCG having additional 
galloyl moieties as D-rings compared to EC and EGC. Therefore,  it is reasonable 
to conclude that antioxidant effect is attributed to the B and D-rings and  that the 
two moieties on the same molecule can execute radical scavenging 
independently.
119
 Furthermore, since EGCG contains two galloyl moieties while 
ECG has one catechol and one galloyl moiety, a higher NDSC for EGCG was 
observed.  
3.3.4 Relation between ORAC and NDSC assays 
Table 3.4 Comparison between ORAC values (μmole TE) and NDSC value (EC 
equivalents) for nine phenolic compounds. 
 
Phenolic compounds ORAC value 
a
 NDSC value  
EC  3.10 1.00 ± 0.08 
ECG 4.87 1.83 ± 0.10 
EGC 3.89 1.29 ± 0.04 
EGCG 5.08 2.33 ± 0.03 
Phenol 1.19 0.35 ± 0.03 
Catechol 1.45 0.54 ± 0.02 
Pyrogallol 1.71 0.62 ± 0.01 
Gallic acid 2.03 0.73 ± 0.02 
EAC 1.30 0.47 ± 0.05 
 
a
 All values are represented with 6% of coefficient variation. 
 
   The oxygen radical absorbance capacity (ORAC) assay is a method used to 
survey the hydrophilic and lipophilic chain-breaking antioxidant capacity against 
peroxyl radicals,
115
 which measures the antioxidant capacity by determining the 
ratio of the net area under the curve for a sample to that for a blank. ORAC assay 
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has been selected as the method of choice for the quantification of antioxidant 
capacity and is broadly administered in academia and the food and supplement 
industries.
105
 In providence of a more complete and dynamic picture of the 
antioxidant scavenging capacity rankings, it has been suggested that different 
assays are required in addition to ORAC assay.
130
 Table 3.4 illustrates the ORAC 




Figure 3.12 Correlation between NDSC value (EC equivalents) and ORAC value 
(μmole TE).  
 
The two assays seem to correlate well with a correlation coefficient, R
2
, of 
0.947 (Figure 3.12). This common trend in antioxidant capacities of the nine 
compounds signifies the ability of the newly developed assay to correctly 
determine the strength of antioxidants. It is not surprising to notice such a 
phenomenon as the reaction pathways of both assays do share some similarity, 
despite ORAC being specific for scavenging against peroxyl radicals while NDSC 
is specialized for scavenging against NO2 radicals. The exact mechanisms of two 
assays require further investigation. Although for polyphenolic compounds such 
as flavonoids, the NDSC assay may give similar trend as that of ORAC, one 
cannot assume that the reactivity of NO2 and that of peroxyl radicals towards non-




In summary, a novel high-throughput fluorometric assay to investigate the 
antioxidant capacity against NO2 was developed. The NO2-oxidized products of 
epicatechin and gallic acid were studied to confirm the mechanism for phenolic 
compounds as NO2 scavengers. Nine phenolic compounds were compared via 
NDSC assay and the structure-activity relationship was also explored. A good 
correlation of ORAC values and NDSC values was observed; hence, NDSC assay 
may serve as an important tool complimentary to commonly accepted assays. 
Possible automated sample preparation protocol could be established and 
integrated with the developed NDSC assay, allowing for the surveying of larger 
number of samples in a shorter period. Applying this, further assaying on real 
sample such as tea extracts and fruit juice, could be realized; and in combination 
with the knowledge gained on common catechins from this study, relationship 
between the NO2 scavenging capacity of various samples and their phenolic 
content and composition could be demonstrated. Together with other antioxidant 
capacity assays, NDSC will play an important role in reducing oxidative stress 





















Chapter 4. An Optimized Nickel (II) 













A fluorescent probe containing nickel(II) bisdithiocarbamate complex 
[Ni(S2CNR2)2] and sulforhodamine B for selective and sensitive detection of NO2, 
which has been successfully applied on visual detection of trace level of NO2, live 
cell fluorescence imaging of NO2 activity and Nitrogen Dioxide Scavenging 
Capacity (NDSC) assay (Chapter 2 and 3). However, some minor improvements 
are still required due to its drawbacks including low reaction yield (less than 5%, 
see 2.2.2) and poor solubility. To take advantage of this successful nickel 
complex system and further optimize it, a comprehensive study of Ni(S2CNR2)2 
as a fluorescent quencher and reactive center to NO2 is necessary.   
In search for an optimized probe, we evaluated (1) the type of transition metals 
dithiocarbamate complexes and their performance in NO2 sensing, (2) the 
quenching effects of nickels on different type of fluorophores, and (3) the impact 
of subtle structural variation of rhodamine dye on the performance of the probe. 
All the experimental data gathered suggested that rhodamine B derived 
bis(dithiocarbamato)Ni(II) complexes shows best response factor towards NO2, 
excellent sensitivity, and improved solubility in organic solvents. The improved 
NO2 probe was successfully applied for the first time in fluorescence imaging of 
endogenous NO2 on mouse macrophage RAW 264.7 cell line activated by 
lipopolysaccharide (LPS). 
4.2 Materials and methods 
4.2.1 Materials and instruments 
   All experiments were performed with analytical grade reagents. Chemicals were 
purchased from Sigma-Aldrich Chemical Co. (St Louis, MO) and used without 
further purification. Ultrapure water (18.2 MΩ.cm) was used from a Millipore 
water purification system. Fluorescence spectra were obtained on PerkinElmer 
LS55 with slit width at 10 nm for both excitation and emission except 
fluorescence quantum yield measurement. UV-vis spectroscopic studies were 





C NMR spectra were recorded with a Bruker AC300 
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spectrometer (Karlsruhe, Germany) at 300 MHz. The electrospray ionization mass 
spectra were obtained from a Finnigan / MAT LCQ ion trap mass spectrometer 
(San Jose, CA, USA) equipped with an electrospray ionization (ESI) source. The 
heated capillary and voltage were maintained at 250 
ο
C and 4.5 kV, respectively. 
The full-scan mass spectra from m/z 50 to 2000 were recorded. MALDI-TOF 
mass spectra were collected on a Bruker microTOF-QII mass spectrometer 
(Singapore) equipped with delayed extraction and a N2 laser set at 337 nm. The 
length of one laser pulse was 3 ns. The measurements were carried out using the 
following conditions: positive polarity, linear flight path with 21 kV acceleration 
voltage, and 100 pulses per spectrum. 1,8,9-trihydroxyanthracene as the matrix 
was used to enhance ion formation. High resolution MS spectrum was obtained 
from Finnigan (MAT 95XL-T) high resolution (60,000), 5KV Double Focusing 
Reversed Nier-Johnson Geometry Mass Spectrometer. 
4.2.2 Fluorescence quenching by transition metals 





6H2O, FeCl3, CoCl2.6H2O, CuCl2
.
2H2O, RuCl3, ZnCl2, AgNO3, IrCl3, 
ReCl3, AuCl, AuCl3 and Ni(NO3)2. Stock solutions of metal salts (25 mM) and the 
fluorescent ligand (5 mM) in methanol were prepared. Fluorescent ligand stock 
solution (20 μL) and metal stock solution (20 μL) were added into a test tube, and 
then the mixture was diluted with methanol to 500 μL. After complete mixing, 20 
μL resulting solution was diluted to 3 mL with methanol to give the final 
concentration and the measurement of fluorescence emission was carried out. 
4.2.3 Construction of dose-response curve to DEANO 
   Construction of dose response curve was carried on with microplate reader. 
Three probe stock solutions were diluted in 5:1 methanol/50 mM phosphate 
buffer at a final concentration of 3 µM. The excitation wavelength was 540 nm 
and emission wavelength was 590 nm. A series of concentrations of DEANO (0, 
0.2, 0.4, 0.6, 0.8, 1, 1.2 and 1.4 mM) were obtained by dilution and mixed with 
probe solutions with a total volume at 200 µL in each well. The fluorescence 
intensities were measured before and after the addition of DEANO stock solutions 
and monitored over 20 min with a 1 min interval, at 37 
oC. The response in 
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physiological condition was performed in a similar procedure, except that the 
probe was delivered by 20 equiv of DOTAP to aqueous solution and the 
experiments was conducted in PBS (10 mM, pH 7.4) at 37 oC. 
4.2.4 General description of Ab Initio calculation 
   All the calculations were carried out by utilizing the Gaussian 09
131
 program 
package. The geometry optimizations were performed at the density functional 
theory level, and the Becke’s three parameter hybrid functional with the Lee-
Yang-Parr correlation functional (B3LYP)
132
 method was employed to do the 
calculations. The 6-31G*
133,134 
basic from the Gaussian basis set library has been 
used in all the calculations. The harmonic vibrational frequencies and zero-point 
energy corrections were calculated at the same level of theory. Single point 
energy were obtained at the B3LYP level in conjunction with the 6-311+G (2d, p) 
basis set with the use of the above optimized geometries, i.e., B3LYP/6-
311+G(2d,p)//B3LYP/6-31G. 
4.2.5 Cell culture and imaging 
   Mouse murine macrophage cells (RAW264.7) were obtained  from the 
American Type Culture Collection (ATCC, USA)  and cultured in DMEM 
medium (GIBCO, USA) with 10% fetal bovine serum (FBS, Hyclone), 1% 
glutamine (Sigma, USA), 100 U/ml streptomycin and 100 μg/ml penicillin 
streptomycin (PAN Biotech, Germany). The cells were maintained at 37
 oC in a 5% 
CO2 humidified environment. For imaging studies, the cells were transferred to 
chambered coverglass (Lab-Tek chambered #1.0 Borosilicate Coverglass System) 
at 5x10
4
 cells/well and incubated for 12 h. The cells were washed with PBS thrice 
and fresh media was added with probe-DOTAP mixture and/or iNOS stimulants 
prior to imaging. The compound 16 (40.2 μL, 1 mg/mL in chloroform) and 
DOTAP (1,2-dioleoyl trimethylammoniumpropane chloride salt) (Avanti, USA) 
(28 μL, 25 mg/mL in chloroform) were mixed together in a glass vial. Using 
argon stream, the solvent was evaporated and the resulting lipid film was further 
dried under vacuum for 20 min to remove the traces of chloroform. The lipid film 
was hydrated with 1mL of de-ionized water and sonicated for 10 min to give clear 
solution of liposome with DOTAP and compound 16 concentrations at 1.0 mM 
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and of 30 μM respectively. The probe-DOTAP mixture (1:2 0) was further diluted 
to 3 μM using DMEM.  
4.2.6 Endogenous NO2 detection  
   The Intracellular NO2 was induced by lipopolysaccharides (LPS) (Sigma, USA) 
through iNOS pathway. RAW 264.7 cells were cultured in chambered cover glass 
for 12 h were washed with PBS and stimulated with LPS (2 μg/ml) in DMEM for 
8,12 and 16 h respectively. Non-stimulated cells and cells treated with L-NAME 
(L-NG-Nitroarginine methyl ester) (Sigma, USA) for 2 h prior to 16 h LPS 
stimulation served as control and negative control respectively. After stimulation 
the cells were bathed with PBS thrice and treated with fresh DMEM containing 
probe-DOTAP (3 μM). The excess probe-DOTAP mixture was removed by 
washing with PBS after 2 h and fresh media was added. The intracellular 
localization of probe-DOTAP mixture in cells were investigated by a sequential z-
step scanning using confocal microscopy (Olympus IX 81, Fluoview FV1000) 
equipped with a 60X water lens. Probe-DOTAP mixture was excited with a 540 
nm Ar laser, and the fluorescent images were collected using filter sets more than 
560 nm. Images were processed in IMARIS 3.0 (BITPLANE AG) software. The 
fluorescence intensity quantification is calculated using ImageJ software.  
4.2.7 Effects of DEANO on the intracellular probe 
   The RAW 264.7 cells cultured in chambered coverglass were washed with PBS 
and fresh DMEM with and/or without probe-DOTAP (3 μM) was added. After 
incubation for 2 h, the cells were washed with PBS thrice and DEANO (1mM) in 
DMEM was added. The central sections of the cells were selected to observe the 
fluorescent changes in probe-DOTAP with reference to non-DEANO treated 
control. The images were recorded with the same optical parameters of confocal 
microscopy at a time interval of 10 min. The fluorescence intensity quantification 
is calculated using ImageJ software. 
Synthesis procedure. Sulforhodamine B sulfonyl chloride was prepared by 
literature methods.
91 
Two isomeric dithiocarbamate ligands derived from 
sulforhodamine B including compound 7 were prepared by previously established 




4.2.8 Synthesis of 1  
   2-Bromoethylamine hydrobromide (178.5 mg, 0.87 mM) was dispersed in 
anhydrous dichloromethane (2 mL), kept in ice bath and nitrogen was bubbled 
through the solution for 15 min.  Sulforhodamine B sulfonyl chloride (484.0 mg, 
0.87 mM) was dissolved in anhydrous dichloromethane (5 mL) and added 
dropwise to the previous solution. Then triethylamine (606 μL, 4.35 mM) was 
added dropwise with vigorous stirring. The reaction mixture was stirred in ice 
bath for three more minutes and HCl (2 M) was added to quench the reaction. 
After isolation of organic layer, the aqueous layer was extracted with three 
additional portions of dichloromethane. The combined organic layers were then 
washed with brine. The resulting organic solution was dried over Na2SO4, filtered 
and dried under reduced pressure. The crude product was purified by column 
chromatography (chloroform/ methanol 10:1) to afford 1 (95.9 mg, 16.6%) as 
dark purple solid. High resolution ESI-MS, [M+H]
+ 
calcd 666.1125 for 
C29H35N3O6S2Br, found 666.1127.
1
H NMR (300 MHz, CD3OD/ CDCl3 1:1, δ 
(ppm)):  8.65 (d, J = 3, 1H), 8.04 (dd, J1 = 9, J2 = 3, 1H), 7.33 (d, J = 9, 1H), 7.12 
(d, J = 9, 2H), 6.85 (dd, J1 = 9, J2 = 3, 2H), 6.76 (d, J = 3, 2H), 3.59 (q, J = 6, 8 




H} NMR (300 MHz, CD3OD/ 
CDCl3 1:1, δ (ppm)): 158.43, 157.45, 156.16, 146.99, 143.08, 134.47, 133.14, 
131.03, 128.17, 127.13, 114.56, 114.19, 96.27, 46.29, 45.14, 31.02, 12.70. 
4.2.9 Synthesis of 2 
   Cyclam (360.0 mg, 1.8 mM) was dissolved in anhydrous dichloromethane (25 
mL), kept in ice bath and nitrogen was bubbled through the solution for 15 min. 
Sulforhodamine B sulfonyl chloride (100.0 mg, 0.18 mM) was dissolved in 
anhydrous dichloromethane (5 mL) and added dropwise to the previous solution. 
The reaction mixture was stirred in ice bath for five more minutes and then dried 
under reduced pressure. The crude product was purified by Sephadex LH-20 
column chromatography with methanol to yield 2 (15.3 mg, 11.5%) as dark 
purple solid. High resolution ESI-MS, [M+H]
+ 
calcd 741.3463 for C37H53N6O6S2, 
found 741.3471.
1
H NMR (300 MHz, CD3OD, δ (ppm)):  8.59 (d, J = 3, 1H), 8.14 
(dd, J1 = 9, J2 = 3, 1H), 7.59 (d, J = 9, 1H), 7.11 (d, J = 9, 2H), 7.00 (dd, J1 = 9, J2 
= 3, 2H), 6.96 (d, J = 3, 2H), 3.68 (q, J = 6, 8 H), 2.93-3.51 (m, 16H), 1.77-1.94 
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H} NMR (300 MHz, CD3OD, δ (ppm)): 
159.31, 157.28, 157.14, 147.47, 140.35, 136.26, 133.58, 132.98, 130.04, 128.25, 
115.17, 115.07, 97.05, 50.44, 50.15, 49.9, 49.57, 49.36, 47.33, 47.17, 46.84, 46.61, 
46.39, 28.32,26.21, 12.87   
4.2.10 Synthesis of 3 
   Cyclam (400.0 mg, 2 mM) dispersed in acetonitrile (25 mL) together with 
K2CO3 (276.4 mg, 2 mM) and KI (83.0 mg, 0.5 mM), was added dropwise with 1 
(65.0 mg, 0.1 mM) dispersed in acetonitrile (5 mL). The reaction mixture was 
heated at reflux overnight and dried under reduced pressure. The crude product 
was purified by Sephadex LH-20 column chromatography with methanol to yield 
3 (56.8 mg, 72.5%) as dark purple solid. High resolution ESI-MS, [M+H]
+ 
calcd 
784.3885 for C39H58N7O6S2, found 784.3911.
1
H NMR (300 MHz, CD3OD, δ 
(ppm)):  8.65 (d, J = 3, 1H), 8.12 (dd, J1 = 9, J2 = 3, 1H), 7.52 (d, J = 9, 1H), 7.10 
(d, J = 9, 2H), 6.99 (dd, J1 = 9, J2 = 3, 2H), 6.94 (d, J = 3, 2H), 3.67 (q, J = 6, 8 
H), 3.14 (t, J = 6, 2 H), 2.90 (t, J = 6, 2H), 2.85-2.59 (m, 16H), 1.76-1.86 (m, 4H), 




H} NMR (300 MHz, CD3OD, δ (ppm)): 159.39, 157.84, 
157.17, 147.31, 143.80, 135.35, 133.66, 132.57, 129.24, 127.65, 115.30, 115.01, 
97.02, 55.29, 54.65, 53.85, 51.74, 50.62, 48.82, 47.88, 47.78, 46.81, 42.36, 30.76, 
30.74, 27.85, 26.34, 12.84. 
4.2.11 Synthesis of 4 
   Di-(2-picolyl)amine (322 μL, 1.74 mM) was diluted in anhydrous 
dichloromethane (25 mL), kept in ice bath and nitrogen was bubbled through the 
solution for 15 min. Sulforhodamine B sulfonyl chloride (100.0 mg, 0.18 mM) 
was dissolved in anhydrous dichloromethane (5 mL) and added dropwise to the 
previous solution. The reaction mixture was stirred in ice bath for five more 
minutes and then dried under reduced pressure. The crude product was purified by 
column chromatography (dichloromethane/methanol 10:1) to yield 4 (46.6 mg, 
35%) as dark purple solid. High resolution ESI-MS, [M+H]
+ 
calcd 740.2571 for 
C39H42N5O6S2, found 740.2589.
1
H NMR (300 MHz, CD3OD/ CDCl3 1:1, δ 
(ppm)):  8.74 (d, J = 3, 1H), 8.36 (dd, J1 = 6, J2 = 3, 2H), 7.99 (dd, J1 = 9, J2 = 3, 
1H), 7.65-7.71 (m, 2H), 7.42 (d, J = 6, 2H), 7.30 (d, J = 9, 1H), 7.16-7.20 (m, 2H), 
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7.10 (d, J = 9, 2H), 6.90 (dd, J1 = 9, J2 = 3, 2H), 6.79 (d, J = 3, 2H), 4.72 (s, 4H), 




H} NMR (300 MHz, 
CD3OD/CDCl3 1:1, δ (ppm)): 158.65, 157.42, 156.44, 156.40, 149.39, 146.99, 
142.03, 137.94, 135.01, 133.30, 131.30, 128.82, 128.09, 123.84, 123.52, 114.69, 
114.32, 96.48, 54.30, 46.44, 12.78. 
4.2.12 Synthesis of 5 
   Di-(2-picolyl)amine (41.7 μL, 0.225 mM) diluted in acetonitrile (25 mL) 
together with K2CO3 (310.5 mg, 2.25 mM) and KI (12.5 mg, 0.075 mM), was 
added dropwise with 1 (50.0 mg, 0.075 mM) dispersed in acetonitrile (5 mL). The 
reaction mixture was heated at reflux overnight and dried under reduced pressure. 
The crude product was purified by Sephadex LH-20 column chromatography with 
methanol to yield 5 (44.0 mg, 75%) as dark purple solid. High resolution ESI-MS, 
[M+H]
+ 
calcd 783.2993 for C41H47N6O6S2, found 783.3004.
1
H NMR (300 MHz, 
CD3OD, δ (ppm)):  8.68 (brs, 1H), 8.46 (d, J = 6, 2H), 8.07 (d, J = 9, 1H), 7.74-
7.80 (m, 2H), 7.53 (d, J = 6, 2H), 7.45 (d, J = 9, 1H), 7.23-7.27 (m, 2H), 7.03 (d, J 
= 9, 2H), 6.87-6.91 (m, 4H), 3.79 (s, 4H), 3.65 (q, J = 6, 8 H), 3.17 (t, J = 6, 2H), 




H} NMR (300 MHz, CD3OD, δ 
(ppm)):160.10, 159.36, 157.89, 157.12, 149.59, 143.89, 138.71, 135.32, 133.63, 
132.40, 129.23, 127.79, 125.16, 123.86, 115.26, 114.96, 96.97, 60.92, 55.25, 
46.79, 42.28, 12.84 
4.2.13 Synthesis of 6 
   Tris(2-aminoethyl)amine (266 μL, 1.8 mM) was diluted in anhydrous 
dichloromethane (25 mL), kept in ice bath and nitrogen was bubbled through the 
solution for 15 min. Sulforhodamine B sulfonyl chloride (100.0 mg, 0.18 mM) 
was dissolved in anhydrous dichloromethane (5 mL) and added dropwise to the 
previous solution. The reaction mixture was stirred in ice bath for five more 
minutes and then dried under reduced pressure. The crude product was purified by 
Sephadex LH-20 column chromatography with methanol to yield 6 (92.8 mg, 
75%) as dark purple solid. High resolution ESI-MS, [M+H]
+ 
calcd 687.2993 for 
C33H47N6O6S2, found 687.2964.
1
H NMR (300 MHz, CD3OD, δ (ppm)):  8.64 (d, J 
= 3, 1H), 8.12 (dd, J1 = 9, J2 = 3, 1H), 7.52 (d, J = 9, 1H), 7.11 (d, J = 9, 2H), 7.00 
 79 
 
(dd, J1 = 9, J2 = 3, 2H), 6.94 (d, J = 3, 2H), 3.67 (q, J = 6, 8 H), 3.15 (t, J = 6, 2H), 




H} NMR (300 
MHz, CD3OD, δ (ppm)):159.38, 157.69, 157.17, 147.35, 144.16, 135.41, 133.59, 
132.66, 129.22, 127.51, 115.28, 115.06, 97.04, 55.69, 46.82, 45.39, 42.29, 39.44, 
12.85. 
4.2.14 Synthesis of 8 
   The BODIPY compound was synthesized according to the literature.
135 
Generally, chloroacetyl chloride (910.0 mg, 8.1 mM) and 2,4-dimethyl-3-
ethylpyrrole (1.99 g, 16.2 mM) were added to dichloromethane (100 mL) 
degassed under a nitrogen atmosphere. The reaction mixture was stirred at 50 °C 
for 2 h under nitrogen and the solvent was removed under reduced pressure. 
Toluene (190 mL), dichloromethane (10 mL), and triethylamine (5.4 mL, 38.4 
mM) were added to the residue and the resulting mixture was stirred at room 
temperature for 30 min. Boron trifluoride diethyl etherate (7.0 mL, 55.6 mM) was 
then added, and the reaction mixture was stirred for 2 h at 50 °C. The solvents 
were removed under reduced pressure and the residue was taken up in 
dichloromethane (200 mL). The organic phase was washed with brine (100 mL), 
dried over Na2SO4, and evaporated. Purification by column chromatography 
(ethyl acetate/hexane 20:1) followed by recrystallization from hexanes (300 mL) 
at -78 °C afforded 8 (355.5 mg, 12.5%) as a dark red solid. FAB-MS, [M ]
+ 
calcd 
352.17 for C18H24BClF2N2, found 352.16. 
1
H NMR (300 MHz, CDCl3, δ (ppm)):  




H} NMR (300 MHz, CDCl3, δ (ppm)): 155.19, 136.42, 134.43, 133.72, 
131.12, 38.08, 17.29, 14.84, 12.82, 12.71 
4.2.15 Synthesis of 9 
   Piperazine (122.6 mg, 1.43 mM) dispersed in cool acetonitrile (25 mL) together 
with K2CO3 (196.7 mg, 1.43 mM) and KI (118.3 mg, 0.71 mM), was added 
dropwise with 8 (50.0 mg, 0.14 mM) dispersed in acetonitrile (5 mL). The 
reaction mixture was stirred in ice bath for 10 min and filtered. HCl (2 M) was 
added to quench the reaction and white precipitate formed immediately. After 
filtration, the reaction mixture was dried under reduced pressure and then was 
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purified by column chromatography (dichloromethane/methanol 20:1) to yield 9 
(19.3 mg, 34.3%) as dark red solid. High resolution ESI-MS, [M+H]
+ 
calcd 
403.2843 for C22H34BF2N4, found 403.2854.
1
H NMR (300 MHz, CDCl3, δ (ppm)):  
3.48 (s, 2H), 3.04 (t, J = 3, 4H), 2.79 (t, J = 3, 4H), 2.50 (s, 6H), 2.39 (s, 6H), 2.38 




H} NMR (300 MHz, CDCl3, δ (ppm)):  
153.83, 137.29, 137.05, 133.56, 132.65, 52.10, 50.50, 44.76, 17.39, 14.88, 14.47, 
12.72. 
4.2.16 Synthesis of 11 
   The coumarin compound was synthesized according to the modified literature 
procedure.
136 
Generally, Piperazine (560.0 mg, 6.68 mM) dispersed in acetonitrile 
(25 mL) together with K2CO3 (461.5 mg, 3.34 mM) and KI (277.2 mg, 1.67 mM), 
was added dropwise with 4-bromomethyl-6,7-dimethoxycoumarin (200.0 mg, 
0.66 mM) dispersed in acetonitrile (5 mL). The reaction mixture was stirred for 1 
h and dried under reduced pressure. The residue was partitioned between 
dichloromethane and water, and the organic layer was separated and evaporated. 
The crude product was purified by column chromatography 
(dichloromethane/methanol 5:1) to yield 11 (151.1 mg, 75.3%) as white powder. 
ESI-MS, [M+H]
+ 
calcd 305.15 for C16H21N2O4, found 352.16. 
1
H NMR (300 
MHz, CDCl3, δ (ppm)):  7.35 (s, 1H), 6.80 (s, 1H), 6.34 (s, 1H), 3.91 (s, 3H), 3.90 




H} NMR (300 
MHz, CDCl3, δ (ppm)):  161.71, 152.67, 152.03, 149.81, 145.95, 112.28, 111.52, 
105.83, 99.95, 60.25, 56.37, 54.55, 46.15. 
4.2.17 Synthesis of 13  
   According to the literature,
137 
rhodamine B (1.5 g, 3.1 mM) was dissolved in 
NaOH (1 M, 100 mL) and stirred for 2 h. Thereafter, it was partitioned with ethyl 
acetate (75 mL). The organic layer was isolated and the aqueous layer was 
extracted twice with ethyl acetate. Combined organic layers were washed once 
with NaOH (1 M) and then brine. The organic solution was dried with Na2SO4, 
filtered and dried under reduced pressure to yield 13 (1.24 g, 90%) as a pink foam. 
ESI-MS, [M+H]
+ 
calcd 443.23 for C28H31N2O3, found 443.25. 
1
H NMR (300 
MHz, CD3OD, δ (ppm)):  8.09 (dd, J1 = 9, J2 = 3, 1H), 7.58-7.67 (m, 2H), 7.23-
 81 
 
7.30 (m, 3H), 6.99 (dd, J1 = 9, J2 = 3, 2H), 6.91 (d, J = 3, 2H), 3.66 (q, J = 6, 8H), 




H} NMR (300 MHz, CD3OD, δ (ppm)):  173.50, 163.19, 
159.38, 156.82, 141.81, 133.76, 133.21, 130.94, 130.74, 130.42, 115.00, 114.80, 
97.00, 54.81, 46.64, 12.79. 
4.2.18 Synthesis of 14 
   According to the literature,
138
  a 2 M solution of trimethylaluminum in hexanes 
(2 mL, 4.08 mM) was added dropwise to a solution of piperazine (707.9 mg, 8.2 
mM) in anhydrous dichloromethane (4.5 mL). The reaction mixture was stirred 
for 1 h until formation of a white precipitate. Then, a solution of 13 (903.5 mg, 
2.04 mM) was added dropwise to the previous mixture. After reacting under 
reflux for 24 h, the mixture was quenched by addition of HCl (0.1 M). The 
heterogeneous solution was filtered and the retained solids were washed with 
dichloromethane and then with a mixture of dichloromethane/methanol 4:1. The 
combined filtrated was concentrated, dissolved in dichloromethane, filtered and 
reconcentrated. The obtained solid was partitioned between ethyl acetate and 
NaHCO3 (0.1 M). The aqueous layers were combined and washed three times 
with ethyl acetate, then saturated with NaCl and acidified with HCl (1 M). The 
resulting mixture was extracted several times with a mixture of 
dichloromethane/i-propanol 2:1 until a faint pink color persisted in the aqueous 
layer. The combined organic layers were dried over Na2SO4, filtered and 
concentrated under reduced pressure. After precipitation in diethyl ether from a 
methanol solution, 14 (554.2 mg, 46.7%) was recovered by filtration as a dark 
purple solid. ESI-MS, [M]
+ 
calcd 511.31 for C32H39N4O2, found 511.32. 
1
H NMR 
(300 MHz, CD3OD, δ (ppm)):  7.76-7.82 (m, 3H), 7.52-7.54 (m, 1H), 7.28 (d, J = 
9, 2H), 7.11 (dd, J1 = 9, J2 = 3, 2H), 6.98 (d, J = 3, 2H), 3.67-3.71 (m, 12H), 3.13 




H} NMR (300 MHz, CD3OD, δ (ppm)):  
169.51, 159.27, 157.27, 156.74, 135.63, 133.06, 132.48, 131.90, 131.62, 131.42, 
128.90, 115.51, 114.85, 97.40, 46.93, 41.63, 12.87. 
4.2.19 Synthesis of 17  
   According to a modified literature,
139
 to a stirring solution of piperazine (350.0 
mg, 4.06 mM) in anhydrous dichloromethane (10 mL), O-(Benzotriazol-1-yl)-
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N,N,N’,N’-tetramethyluronium hexafluorophosphate (450.0 mg, 1.2 mM), N,N-
diisopropylethylamine (0.4 mL, 2.3 mM) and rhodamine 101 inner salt (490.6 mg, 
1 mM) was added. The reaction mixture was stirred for 3 h and then quenched by 
HCl (1 M). The organic layer was thoroughly washed with HCl (1 M) and brine, 
dried over Na2SO4 and dried under reduced pressure. The crude product was 
purified by column chromatography (dichloromethane /methanol 20:1) to yield 17 
(437.0 mg, 78.2%) as dark purple solid.  ESI-MS, [M+H]
+ 
calcd 559.31 for 
C36H39N4O2, found 559.30. 
1
H NMR (300 MHz, CD3OD, δ (ppm)):  7.69-7.72 (m, 
2H), 7.58-7.61 (m, 1H), 7.38-7.41 (m,1H), 6.75 (s, 2H), 3.49-3.56 (m, 8H), 3.32-
3.35 (m, 4H), 3.05 (t, J = 6, 4H), 2.68-2.74 (m, 4H), 2.55 (brs, 4H), 2.07-2.10 (m, 




H} NMR (300 MHz, CD3OD, δ (ppm)): 169.51, 
153.75,153.30, 152.55, 136.63, 132.68, 131.73, 130.98, 130.94, 128.66, 127.76, 
125.18, 114.18, 106.59, 54.87, 51.90, 51.41, 46.13, 45.66, 42.77, 28.51, 21.73, 
20.91, 20.80. 
4.2.20 Synthesis of dithiocarbamate derived ligands 10, 12, 15 and 18 
   All dithiocarbamate derived compounds were prepared by previously 
established method in Chapter 2. Generally, 1 equiv of piperazine derivative was 
suspended in methanol (15 mL) and nitrogen was bubbled through the solution for 
15 min, then NaOH (2.5 eq., 1 M) was added, followed by 15 equiv of carbon 
disulfide.  The reaction was stirred at r.t. for 6 h and then solvent was evaporated 
to about 2 mL. To the resulting solution, diethyl ether (20 mL) was added to make 
the solid precipitate, which was centrifuged to remove the supernatant. The 
resulting solid was dissolved in dichloromethane (20 mL) and dried over 
anhydrous Na2SO4. The solution was filtered and the filtrate was concentrated to 
2 mL. To the solution, diethyl ether (20 mL) was added to make the solid 
precipitate and the solid was washed with diethyl ether three times and dried in 
vacuo to yield the corresponding dithiocarbamate derivative.  
Spectral data for 10: High resolution ESI-MS, [M]
- 
calcd 477.2139 for 
C23H32BF2N4S2, found 477.2148.
1
H NMR (300 MHz, CD3OD, δ (ppm)):  4.38 (t, 







H} NMR (300 MHz, CD3OD, δ (ppm)):  211.83, 154.15, 140.31, 
139.08, 134.41, 133.86, 54.83, 53.11, 40.45, 17.97, 15.15, 14.74, 12.59. 
Spectral data for 12: High resolution ESI-MS, [M]
- 
calcd 379.0792 for 
C17H19N2O4S2, found 379.0793.
1
H NMR (300 MHz, CD3OD, δ (ppm)):  7.49 (s, 
1H), 6.96 (s, 1H), 6.41 (s, 1H), 4.47 (t, J = 3, 4H), 3.93 (s, 3H), 3.91 (s, 3H), 3.75 




H} NMR (300 MHz, CD3OD, δ (ppm)):  213.31, 
163.96, 154.95, 154.52, 150.95, 147.60, 112.70, 112.35, 107.48, 100.92, 59.68, 
56.91, 56.83, 54.12, 51.71 
Spectral data for 15: High resolution ESI-MS, [M+H]
+ 
calcd 587.2509 for 
C33H39N4O2S2, found 587.2534.
1
H NMR (300 MHz, CD3OD, δ (ppm)):  7.69-
7.78 (m, 3H), 7.50-7.54 (m, 1H), 7.30 (d, J = 9, 2H), 7.09 (dd, J1 = 9, J2 = 3, 2H), 
6.98 (d, J = 3, 2H), 4.19-4.23 (m, 4H), 3.69 (q, J = 6, 8H),  3.39-3.48 (m, 4H), 




H} NMR (300 MHz, CD3OD, δ (ppm)): 214.73, 169.71, 
159.20, 157.17, 156.85, 136.67, 133.11, 132.10, 131.72, 131.31, 131.24, 128.98, 
115.46, 114.78, 97.39, 46.95, 42.96,  12.90 
Spectral data for 18: High resolution ESI-MS, [M+H]
+ 
calcd 635.2509 for 
C37H39N4O2S2, found 635.2522.
1
H NMR (300 MHz, CD3OD, δ (ppm)):  7.73-
7.76 (m, 2H), 7.63-7.66 (m, 1H), 7.43-7.46 (m,1H), 6.74 (s, 2H), 3.39-3.57 (m, 




H} NMR (300 MHz, CD3OD, δ (ppm)): 214.46, 170.00, 153.30, 153.17, 
152.54, 136.65, 132.45, 131.64, 131.02, 128.68, 127.85, 127.61, 125.20, 114.07, 
106.63, 54.89, 51.92, 51.42, 50.28, 47.81, 42.88, 28.51, 21.72, 20.88, 20.77. 
4.2.21 Synthesis of nickel complexes 16 and 19 
   16 was prepared by mixing Ni(NO3)2
 .
6H2O (2.9 mg, 0.01 mM) and 15 (11.7 mg, 
0.02 mM) in 10 mL methanol, which was centrifuged to remove the supernatant. 
The resulting solid was washed by 10 mL diethyl ether three times and 3 mL 
methanol three times and dried in vacuo to yield purple powder 16 (10.2 mg, 
83%). 19 (10.6 mg, 80%) was prepared in a similar procedure except using 18 
instead of 15. 16. MALDI-TOF-MS, [M+e]
+ 
calcd 1230.42 for C66H76N8NiO4S4, 
found 1230.20. 19. MALDI-TOF-MS, [M+e]
+ 
calcd 1326.42 for C74H76N8NiO4S4, 
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found 1326.30. Both compounds are paramagnetic as the 
1
H NMR spectra contain 
only featurelessly broad peaks. 
4.3 Results and discussion 
4.3.1 Dithiocarbamate as ligand of choice  
   It is well known that many transition metals, such as nickel, copper and iron, are 
possible to be involved in electron transfer or energy transfer process to/from the 
adjacent fluorophore and lead to fluorescence quenching.
35,140 
Although studies 
have been conducted on fluorescence quenching by numerous nickel complexes 
to connected fluorophore,
141-143
 there is a lack of study on such influence caused 
by Ni(S2CNR2)2. The unique reactivity of Ni(S2CNR2)2 towards NO2 makes it an 
attractive feature as a probe. We prepared sulforhodamine B derivatives 
containing some nitrogen chelators as shown in Figure 4.1 and tested their 
reactivity towards NO2.  
 
 
Figure 4.1 Sulforhodamine B derivatives with various binding moieties to 
transition metals. 
 
   The fluorescence quenching caused by adding nickel chloride was examined 
with these ligands, and the results were presented in Figure 4.2A. After adding 
nickel, 2, 4 and 6 demonstrated little fluorescence changes, while 3, 5 and 7 
showed dramatic quenching. In particular, Ni(S2CNR2)2 seemed to be the most 
powerful quencher. To determine if nickel had coordinated to 2, 4 and 6, both 
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ESI-MS and TLC of ligands before and after adding nickel were compared, and 
no change was found. This indicated that nickel failed to coordinate to these 
ligands under the applied reaction conditions, under which related Ni complexes 
form immediately with free cyclam, DPA and Tren. Apparently sulfonylation of 
one of the amine in 2, 4 and 6 dramatically reduced their ability in chelating Ni(II). 
Adding ethylene linkers between sulfonyl group and the chelators as in 3 and 5, 
preserve the strong chelating effects of 3 and 5, which readily bind Ni(II). There 
are little overlap between the UV-VIS spectra of the Ni(II) complexes and the 
fluorophore emission peak as shown in Figure 4.3. Therefore, the Ni(II) 
quenching effects on the fluorescence is more likely due to photo-induced 
electron transfer pathway and independent of the dithiocarbamate ligand. 
 
 
Figure 4.2 (A) Fluorescence quenched by nickel to sulforhodamine B derivatives 
with different binding moieties. The graph was obtained by the addition of 
Ni(NO3)2 solution (6.65 μM) to various ligand solutions (1.33 μM) (λex = 540 nm, 
λem = 590 nm). (B) Fluorescence quenched by nickel to different fluorophores 
containing dithiocarbamate ligands. The graph was obtained by the addition of 
Ni(NO3)2 solution (6.65 μM) to various ligand solutions (1.33 μM) (λex = 540 nm, 
λem = 590 nm).  
 
   We examined the response to NO2 of nickel complexes, 3-Ni, 5-Ni, 7-Ni and 
found that excess NO2 gas in methanol could turn on the fluorescence of the three 
compounds in methanol. However, if the experiment were conducted in methanol 
containing phosphate buffer (50 mM) mixture (5:1), NO2 was only able to turn on 
the fluorescence upon reaction with 7. Therefore, we suspect that the fluorescence 
turning-on of 3-Ni and 5-Ni by NO2 in methanol is due to trace acid resulted from 
the reaction between NO2 and moisture (forming HNO2 and HNO3). This is 
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confirmed by the fact that addition of diluted nitric acid to methanolic solution of 
3-Ni and 5-Ni could turn on the fluorescence. We compared the reverse phase-
TLC of the probes 3-Ni and 5-Ni before and after reaction with NO2 and did not 
find any new compound (ruling out the possibility of demetallation by 
protonation), this is in agreement with my observation that in buffered methanol 
NO2 does not turn on the fluorescence of 3-Ni and 5-Ni. A nickel-cyclam 
complex attached to anthracene by ethyl ammonium side chain, which is similar 
to my ligand 3 except that different fluorophores were used was reported to be 
responsive to pH changed because of protonation triggered dissociation of 
coordinated sulfonamide nitrogen.
143
 We suspect that the fluorescence of 3-Ni and 
5-Ni were influenced by pH variation via a mechanism similar to this case (Figure 
4.4). The unique feature for 7-Ni, or Ni(S2CNR2)2, towards NO2 is due to 






Figure 4.3 Comparison between UV absorptions of various nickel complexes (1 
mM) and fluorescence emission of sulforhodamine B (1.33 μM).  Four nickel 
complexes were prepared by mixing 1 equiv of Ni(NO3)2 and 1 equiv of 1,4,8,11-
Tetraazacyclotetradecane (cyclam), 1 equiv of di-(2-picolyl)amine (DPA), 1 equiv 
of tris(2-aminoethyl)amine (Tren) and 2 equiv of diethyldithiocarbamate (de-dtc), 






Figure 4.4 Fluorescence of 3 and 5 switched by deprotonation (A) and 
protonation (B) of the nickel complex.   
 
4.3.2 Effects of fluorophores on fluorescence quenching by Ni(S2CNR2)2 
 
 
Figure 4.5 Synthesis routes of BODIPY and coumarin derived dithiocarbamate 
ligands. 
 
   To examine if Ni(II) can also effectively quench the fluorescence of other 
fluorophores besides sulforhodamine B, we prepared BODIPY and coumarin 
containing dithiocarbamate ligands (Figure 4.5) and compared the fluorescence 
quenching effects by Ni(II) (Figure 4.2B). Interestingly, Ni(II) only reduces the 
fluorescence of BODIPY ligand by four times and barely quenches the 
fluorescence of coumarin. The molecular orbital energies of quenchers and that of 
the fluorophores have been successfully applied in designing of fluorescein based 
probes for nitric oxide probes.
146
 The highest occupied molecular orbitals 
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of three 
fluorophores were calculated and compared with that of Ni(S2CNMe2)2 (Figure 
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4.6). The HOMO energy of Ni centered orbital is higher than that of the HOMOs 
of the three fluorophores. Therefore, one would expect that PET from Ni(II) to 
ligands should is favored energetically between Ni and the excited fluorophores. 
However, the energy difference between HOMOs of Ni(S2CNR2)2 and 
sulforhodamine B ligand is smaller than that of BODIPY ligand, and coumarin 
ligand has the biggest gap. Based on the structure of the complexes, the distances 
of the fluorophore and the metal center are not likely to be much difference 
among the three compounds. According to the energy gap law,
147
 i.e. the larger 
the energy difference between the states, the slower the electron transition rates. 
We thus suspect this might be the reason for the different quenching effects of 
bis(dithiocarbamato)2Ni moiety on fluorophores. The exact mechanisms of the 
fluorescence quenching require further investigation. 
 
 
Figure 4.6 Calculated orbital energies for fluorophores and Ni(S2CNMe2)2. 




4.3.3 Effects of sulforhodamine B isomers and transition metals on 
quenching and selectivity of NO2 sensing  
 
 
Figure 4.7 Comparison of fluorescence response between two sulforhodamine B 
derived isomeric dithiocarbamate ligands to various transition metals. The metal 
cations measured were: A. Mn(II), B. Fe(II), C. Fe(III), D. Co(II), E. Ni(II), F. 
Cu(II), G. Ru(III), H. Zn(II), I. Ag(I), J. Ir(III), K. Re(III), L. Au(I), M. Au(III). 
The graph was obtained by the addition of various metal solutions (6.65 μM) to 
ligand solutions (1.33 μM) (λex = 540 nm, λem = 590 nm). 
 
   In my previous study, two isomers of sulforhodamine B with piperazine group 
have been unambiguously distinguished by single crystal X-ray diffractions; 
therefore, two derived isomeric Ni(S2CNR2)2 were determined and ortho isomer 
showed much higher quenching efficiency, likely due to the shorter distance of 
metal to fluorophore.
112 
As a more comprehensive study, the fluorescence 
quenching effects of selected metals on two sulforhodamine B derived isomeric 
dithiocarbamate ligands were compared (Figure 4.7). Among the metals, Co(II), 
Ni(II), and Cu(II) show significant fluorescence quenching effects and no 
apparent quenching was found for other transition metals. Many third row 
transition metals are good fluorescence quenchers because their complexes with 
fluorescent ligands are paramagnetic due to the unpaired metal d electrons. 
However, this is not a general phenomenon as Mn(II) and Fe(II)/Fe(III) 
coordination have little impact on the fluorescence intensity of the ligand while 
Co(II), Ni(II), and Cu(II) greatly suppress the fluorescence of ligand, particularly 
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for the ortho isomer. The coordination sphere of Ni(S2CNR2)2 adopts square 
planar geometry and is diamagnetic, but the complex shows high quenching 
efficiency, even better than Cu(II). Therefore, the nature of the metal complexes 
is more important than the presence or absence of unpaired electrons. Thiophilic 
Ag(I) that form diamagnetic complex with dithiocarbamate but they show much 
weaker quenching efficiency and is not suitable as turn-on probes. The quenching 
by Ag(I) is likely due to the poor solubility of polymeric product between Ag(I) 
and dithiocarbamate (the precipitant could be observed in solution) and the 
aggregation possibly cause self-quenching.
148
 Therefore the performance of 
Co(II), Ni(II), and Cu(II) complexes in ROS sensing was further examined. 
   We evaluate the selectivity of Cu(S2CNR2)2 ,Co(S2CNR2)2 and Ni(S2CNR2)2 
derived sulforhodamine B ortho isomers towards common reactive oxygen 
species (ROS) (Figure 4.8). All of them demonstrated good response to NO2 but 
the selectivity of Cu and Co complexes is not as ideal as they also response to 
peroxynitrite and hydroxyl radical. While Ni(II) complex was responsive to 
hypochlorite, it has the highest turning-on factor. Therefore, Ni(II) complex is the 
preferred probe for NO2 sensing and we focused on its further optimization by 
fine-tuning the structure of rhodamine fluorophore. 
 
 
Figure 4.8 Selectivity towards common reactive oxygen species of Cu(S2CNR2)2,  
Co(S2CNR2)2 and Ni(S2CNR2)2 derived sulforhodamine B ortho isomers. The 
graph was obtained by the addition of 5 equiv of ROS into the probe solution (3 
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µM).All the probe solution was prepared by mixing ligand (2 eqv.) and metal salt 
(1 eqv.).  
4.3.4 Ni(II) dithiocarbamate complexes containing different rhodamines 
 
 
Figure 4.9 Synthesis routes of rhodamine B and rhodamine 101 derived NO2 
fluorescent probes.  
 
   Although previously developed sulforhodamine B based ortho probe is highly 
sensitive and selective, the reaction yield is very low (less than 5%). To achieve a 
high reaction yield, an organic dye that can only be functionalized on ortho 
position is more favorable as the parent compound, compared to sulforhodamine 
B that will generate the mixture of two isomers. Rhodamine B and rhodamine 101 
were functionalized through the ortho carboxylic acid groups by introducing 
piperazine (Figure 4.9). High yield conversion into dithiocarbamate followed by 
chelation with Ni(II) yielded the probe 16 (Figure 4.9) in 40% isolated yield. In a 
similar fashion, compound probe 19 is made from rhodamine 101 with 75%  
isolated yield. 
   The MALDI-MS signals of two nickel complexes demonstrated an isotope 
distribution pattern matching the molecular ion with z = 1 (M + e) (Figure 4.10) 
instead of dication peak as expected. We suspect that one electron reduction 
happened during sample ionization by matrix trihydroxyanthracene. The 
1
H NMR 
spectra of the probes surprisingly shows that the complexes were paramagnetic as 
the 
1
H resonances were uncharacteristically broad. The EPR spectrum of complex 
16 also confirms that it is paramagnetic (Figure A.4.23). This is in sharp contrast 
with diamagnetic sulforhodamine B derivatives. It is likely that carboxyl group in 
complex 16 and 19 may bind to Ni(II) to give six coordinated complexes and 
 92 
 
yield d electronic configuration with unpaired electrons (Figure 4.11). However, 
sulforhodamine B derivatives cannot form such complex due to the lack of 
carboxyl group, and is diamagnetic (Figure 4.11). The quantum yields were 
measured for respective intermediate products and that of their nickel complexes 
for sulforhodamine B, rhodamine B, and rhodamine 101 (Table 4.1). The 
fluorescence quenching effects by complexation with Ni(II) is the most effective 
for sulforhodamine B derivative as the quantum yields drop from 0.14 of ligand to 
0.002 of the complex. In contrast, Ni(II) is ten times less effective in quenching 
the fluorescence of rhodamine 101. Rhodamine dyes have high fluorescent 
quantum yields. Even though their derivatives with dithiocarbamate ligand have 
much lower quantum yields, it is still sufficient for high sensitivity detection of 







Figure 4.10 MALDI-TOF mass spectra with isotope distributions of (A) complex 
16 and (B) complex 19. 
    
 
 
Figure 4.11 Complex 16 is proposed to be a six coordinated complex, but 
sulforhodamine B derivative is four coordinated complex.  
 
Table 4.1 Quantum yields comparison among intermediate products in synthesis 




B para isomer 
Sulforhodamine 





Parent compound 0.34 0.34 0.72 1.0 






0.20 0.14 0.15 0.17 
Nickel complex 0.04 0.002 0.006 0.02 
 
a 
All samples are measured in ethanol. Rhodamine 101 and rhodamine 6G were 




Figure 4.12 Dose-response curve for the fluorescence intensity of three NO2 
probes, RhoB probe (16), Rho101 probe (19), and ortho-sulforhodamine B 
counterpart (SRB probe)  (3 µM) obtained 8 min after the addition of 
diethylamine NONOate (λex = 540 nm, λem = 590 nm). 
 
   Dose-response curves to DEANO as NO2 donor for three probes were 
constructed and compared in Figure 4.12.  For these probes, there are excellent 
dose-response between fluorescence intensity and the DEANO concentrations. In 
particular, Probe 16 has the best sensitivity to NO2 and demonstrated fluorescence 
turning-on by 14-fold, which is nearly 1.6 times as sensitive as sulforhodamine B 
counterpart (Figure 4.12). Therefore, nickel complex 16 is the probe of choice for 
detection of NO2.  
   We have shown the mechanism of reaction between the probe and NO2 to give 
(R2NCS2)2, which was further oxidized by excessive oxidants to give 
R2NCSS(O)OCH3.
112
 To confirm if 16 follows the same pathway the reaction 
products of 16 with NO2 was extracted using chloroform from aqueous reaction 
solution and characterized by MALDI-MS. From the mass spectra, both unreacted 
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probe and newly emerged (R2NCS2)2 peak can be found and the isotope 
distribution pattern matches the expected molecular formula (Figure 4.13), which 
suggested that the mechanism of NO2 detection of nickel complex 16 is the same 
as that of sulforhodamine counterpart. 
 
 
Figure 4.13 MALDI-TOF mass spectra with isotope distributions demonstrates 
the reaction product of complex 16 with NO2.   
 
4.3.5 Imaging of cellular NO2 generated from exogenous and endogenous 
sources 
   To introduce nickel complex 16 under physiological condition, 1,2-dioleoyl 
trimethylammoniumpropane chloride salt (DOTAP) liposome was used as the 
delivery vehicle for this hydrophobic probe.
112
 It is found that complex 16 
delivered by DOTAP liposome demonstrated good selectivity to NO2 and a good 
dose-response relationship to DEANO in a buffered aqueous media to simulate 
physiological situation (Figure 4.14). Hence, the DOTAP liposome containing 16 
was applied in imaging of NO2 activity in mouse macrophage RAW 264.7 cell 
line. 3D images unravel the localization of probe within the cells, which confirms 
the permeability of probe through the lipid bilayer and can be used for in vitro 
fluorescent imaging. The Z-stack gallery image (Figure A.4.24) gives the 
localization of probe in different layers of the cell, which is useful to visualize the 
specific locations of NO2 generation. For the detection of exogenous generated 
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NO2, the probe was delivered into cells in DOTAP liposome after incubation for 2 
h. The resulting cells were treated with DEANO for 10 min before fluorescence 
images of the cells were taken by confocal microscope. The white field and 
fluorescent images of the cells in the presence and absence of DEANO were 
shown clearly in Figure 4.15A and 4.15D, and obvious red intracellular 
fluorescence was observed in the presence of DEANO. 
 
Figure 4.14 (A) Compound 16 is selective toward common ROS under 
physiological conditions. The graph was obtained by the addition of ROS (15 μM) 
to 16 (3 μM) delivered by 20 equiv of DOTAP in 10 mM PBS (pH 7.4) at 37 οC 
(λex = 540 nm, λem = 590 nm). (B) Dose-response curve for the fluorescence 
intensity of 16 (3 μM) delivered by 20 equiv of DOTAP obtained 8 min after the 
addition of DEANO in 10 mM PBS (pH 7.4) at 37 
ο
C (λex = 540 nm, λem = 590 




Figure 4.15 Detection of NO2 in RAW 264.7 cells by probe-DOTAP mixture. 
The upper panel is 3D fluorescent images and the lower panel is corresponding 
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bright-field images. (A) Cells were treated with probe-DOTAP mixture (3 μM) 
for 2 h. (B) Cells were pre-stimulated with LPS (2 μg/ml) for 16 h and treated 
with probe-DOTAP mixture (3 μM) for 2 h. (C) Cells were sequentially treated 
with L-NAME (0.5 mM) for 2 h, LPS (2 μg/ml) for 16 h and probe-DOTAP 
mixture (3 μM) for 2 h. (D) Cells were incubated with probe-DOTAP mixture (3 
μM) for 2 h and DEANO (1 mM) for 10 min.  
 
  Detection of endogenous NO2 is conducted on RAW264.7 cells induced by 
lipopolysaccharides (LPS). Inducible NOS (iNOS) is expressed in macrophages 
during inflammation through the stimulation of interleukins and endotoxins. The 
macrophagic origin of RAW 264.7 cells and LPS as endotoxin stimulant was 
utilized in endogenous NO production, then generated NO would be rapidly 
autoxidized into NO2 within the membrane due to the aerated media. The NO2 
levels are usually low during physiological conditions and increases rapidly 
during pathophysiological conditions.
149
 For the detection of endogenously 
generated NO2, the RAW 264.7 cells were pre-stimulated by LPS for 8, 12 and 16 
h, respectively. The pre-stimulated cells were further treated with DMEM 
containing 16 in DOTAP liposome for 2 h. In Figure 4.15B, the fluorescent image 
confirms the generation of NO2 in cells, and the time dependent increase in 
fluorescent intensity was observed when compared to the non-stimulated cells 
(Figure 4.16) indicating the increased iNOS activity with time upon LPS 
activation. The negative control group (Figure 4.15C) clearly shows that weaker 
fluorescence was observed in cells treated with L-NAME. The iNOS converts the 
arginine transported across the cell membrane into nitric oxide and citrulline. The 
methyl ester substituted nitro-arginine (L-NAME) is a structural analogue of L-
arginine, which reduces the transport of arginine into the cells through cationic 
ion transporter. The unavailability of arginine substrate ceases the NO production 
through iNOS pathway,
150
 which is the reason for weaker fluorescence observed.  
The fluorescent quantification by image J software confirms the fluorescent 
intensity change across various treatments, including blank, negative control, 
DEANO treatment and LPS treatments for different time (Figure 4.17). 
Fluorescence intensity is found to follow a time dependent manner with LPS 
treatment.     
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   The fate of NO in activated RAW264.7 was investigated by kinetic model by 
monitoring formation of nitrite, nitrate, and N-nitrosomorpholine formed from 
reaction of N2O3 with morpholine. It was suggested that about half of NO2
-
 
formed was due to reaction of NO with dioxygen or superoxide anions.
151,152
 
Under the aerial conditions NO was readily converted to NO2 with rate constant 






. NO2 rapidly couples with NO to give N2O3, which has been 
imaged using fluorescent probes containing ortho-phenylenediamine moiety as 
fluorescence quencher and reaction center. However, due to the reversibility of 
the N2O3 formation reaction, it is practically not possible to distinguish if 16 is 
sensitive to NO2 only or also to N2O3.  
 
 
Figure 4.16 Endogenous NO2 detection in RAW 264.7 cells by probe-DOTAP 
mixture. The upper panel is fluorescent images and the lower panel is 
corresponding bright-field images. The cells were treated with probe-DOTAP 
mixture (3 μM) for 2 h, then with LPS pre-stimulation (2 μg/ml) for 0, 8, 12 and 
16 h, respectively.   
4.4 Conclusion 
    In summary, through systematic approach, We have illustrated that Ni(II) 
dithiocarbamate complex 16 is the probe of choice for sensitive and selective 
detection of endogenous nitrogen dioxide generated in RAW cells induced by 
LPS. The probe has great potential as a convenient tool for investigation of NO2 
biochemistry through fluorescent imaging. Nitric oxide formation through in cells 
by nitric oxide synthase have been thoroughly studied and documented. Yet, the 
fate of formed NO in cellular systems is hard to pinpoint due to its rapid reaction 
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with dioxygen. My results shown that in an activated RAW cell model, NO2 is 
certainly formed, perhaps, plays a role in killing of invading microbes by 
macrophage cells. However, it remains to be delineated as to how much NO is 
converted to NO2 and how much acts cellular signaling molecules by interacting 
with its other biological targets such as transition metal ions in the cells. The local 
concentrations of dioxygen and superoxide in the cellular compartment where NO 
is generated would greatly impact the fate of NO. Therefore, it would be of great 
importance if we could apply a NO selective probe together with 16 to quantify 
and image the concentration of NO and NO2 simultaneously. However, currently 
there is no fluorescent probe that could directly respond to cellular NO. Since 
NO2 is a potent radical oxidant and can trigger lipid autoxidation and nitrosate 
DNA and proteins, how to counteract its damage by administering NO2 
scavengers would be an important direction of research in the future. 
 
 
Figure 4.17 Fluorescence quantification of confocal images of RAW 264.7 cells 


















Chapter 5. CdSe/ZnS Quantum Dots for 
Selective and Sensitive Detection and 












   Sensitive and selective detection of hypochlorite/hypochlorous acid (HClO) has 
become the focus of much attention, because HClO is not only widely used in 
water sanitizing, food industry and bleaching products as an antimicrobial agent 
or powerful oxidant, but also found synthesized endogenously in living organisms 
by myeloperoxidase (MPO).
153
  MPO is a heme enzyme most abundantly 
expressed in neutrophil granulocytes and to a lesser extent in monocytes and 
certain types of macrophages.
154
 MPO participates in innate immune defense 
against microorganism invasions through generating a wide range of diffusible 
reactive oxidative species (ROS), depending on the local milieu (Figure 5.1). A 
unique activity of MPO is its ability to use chloride as a co-substrate with 
hydrogen peroxide to generate HClO,
155
 a membrane-permeate and powerful two-










   However, excessive HClO can also damage host tissues by the same mechanism 
used to destroy invading microorganisms. HClO together with MPO are 










 and cancer (Figure 5.1).
161
 Hence, it is essential to develop a 
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sensitive and selective method for detecting HClO in environmental and 
biological samples, and monitoring MPO activity. 







 and chemiluminescent methods
165
 
are incompatible with living systems. Fluorescent probes are preferred because 
they allow real time monitoring and visual tracking of HClO in cells and tissues. 
Recently, a number of organic fluorescent probes for HClO sensing have been 














 with HClO reactive groups. Some turn-on fluorescent probes have 
found applications in cell lines for HClO fluorescence imaging.  
   Quantum dots (QDs), a new class of fluorophores, demonstrate notable 
advantages compared to organic fluorescent probes, as discussed in 1.4.1. Nie and 
co-workers have reported that the fluorescence of QDs was quenched when they 
were exposed to HClO and that the organic layer containing reactive functional 
groups such as amine and thiol can act as HClO scavengers and slow down the 
fluorescence signal loss HClO
174
. While HClO bleaching is an undesired reaction 
for QDs in imaging of cells and tissues, we envision that this phenomenon may be 
exploited to quantify HClO in environmental, chemical, and biological systems by 
taking advantage of the superior luminescent properties of QDs. 
   In this study, four types of water-soluble QDs grafted with different organic 
coating layers were fabricated, and their sensitivities for HClO were examined. It 
was found that QDs with HClO reactive (methylamino and sulphide groups) 
coating layers exhibited a protective effect on HClO quenching of QD 
fluorescence, whereas QDs with hydrocarbon and carboxylate coating layers 
showed least protection to QD fluorescence quenching by HClO and, thus, had 
the highest sensitivity for the detection of HClO. The QDs with carboxylate 
coating layers (QDs-poly-CO2
-
) was successfully applied to the quantification of 
HClO in tap water, monitoring MPO activity and detection of HClO in HL60 cells 
by fluorescent imaging.  
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5.2 Materials and methods 
5.2.1 Materials and instruments  
   All experiments were performed with analytical grade reagents. Chemicals were 
purchased from Sigma-Aldrich Chemical Co. (St Louis, MO) and used without 
further purification. The solutions of sodium hypochlorite (NaClO) and hydrogen 
peroxide (H2O2) were prepared daily, and their concentrations were determined 









 for H2O2). Fluorescence spectra 
were obtained on PerkinElmer LS55 with slit width at 10 nm for both excitation 
and emission. UV-vis spectroscopic studies were carried out on Shimadzu UV-
1601 UV-visible spectrophotometer. 
5.2.2 Synthesis of hydrophobic photoluminescent CdSe/ZnS QDs  
   Hydrophobic CdSe/ZnS QDs were synthesized according to the literature.
175
 
The crude QDs were purified using the precipitation method and dissolved in 
dichloromethane for future use. The purified QDs had a maximum emission at 
around 590 nm, and the concentrations of QDs were estimated on the basis of 
empirical equations as reported.
176
  
5.2.3 Synthesis of N-methyl-N-[2-(methylamino)ethyl]-dihydrolipoamide 
(LAC-NHMe)  
   LAC-NHMe was synthesized according to a literature.
177
 All operations were 
performed under nitrogen atmosphere. Lipoic acid (1.00 g) and 1,1′-
carbonyldiimidazole (1.00 g) were dissolved in anhydrous chloroform (6.00 mL) 
and stirred for 10 min at room temperature. The product solution was added 
dropwise into N,N′-dimethylethylenediamine (3.00 mL). The mixture was stirred 
for 1 h in an ice bath and then 1 h at room temperature. The crude product was 
washed with 10% saline solution and water consecutively. The solution was then 
dried over anhydrous Na2SO4 overnight before the solvent was evaporated to 
yield yellow liquid. The resulting yellow product (0.75 g) was dissolved in 
aqueous ethanol (20%, 5.0 mL) followed by slow addition of sodium borohydride 
(0.41 g, 5.0 mL) aqueous solution with stirring in an ice bath for 3 h. The reaction 
mixture was adjusted to pH 2.0 with aqueous HCl solution and extracted by 
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chloroform. Evaporation of the organic solvent yielded colorless oil (LAC-NHMe; 
0.60 g). ESI-MS, [M+H]
+
 calcd 279.16 for C12H27N2OS2, found 279.17. 
1
H NMR 
(300 MHz, CDCl3, δ (ppm)): 3.71 (t, J = 6 Hz, 2H), 3.16 (t, J = 6 Hz, 2H), 3.06 (s, 
3H), 2.99 (m, 1H), 2.70 (s, 3H), 2.55-2.67 (m, 3H), 2.34 (t, J = 7.5 Hz, 2H), 1.40-




H} NMR (300 MHz, CDCl3, δ (ppm)):175.23, 47.26, 44.58, 
42.81, 39.42, 38.84, 36.42, 33.56, 33.51, 26.77, 24.38, 22.36. 
5.2.4 Synthesis of N-methyl-N-[2-(dimethylamino)ethyl]-dihydrolipoamide  
(LAC-NMe2)  
   LAC-NMe2 (0.61 g) was synthesized using the same procedure as LAC-NHMe 
but with N,N,N’-trimethylethylenediamine (3.30 mL) instead of N,N-
dimethylethylenediamine. ESI-MS, [M+H]
+
 calcd 293.17 for C13H29N2OS2, found 
293.16. 
1
H NMR (300 MHz, CDCl3,δ (ppm)): 3.95 (t, J = 7.5 Hz, 2H), 3.36 (t, J = 
6 Hz, 2H), 3.23 (s, 3H), 3.01(s, 6H), 2.70-2.85(m, 3H), 2.48 (t, J = 7.5 Hz, 2H), 




H} NMR (300 MHz, CDCl3, δ 
(ppm)):173.82, 54.57, 43.62, 43.22, 42.58, 39.20, 38.65, 35.80, 33.09, 26.54, 
24.17, 22.14. 
5.2.5 Synthesis of poly(octadecene-(N-methyl-N-[2-(methylamino) ethyl]-
maleamic acid) (Poly-NHMe)  
  Dichloromethane was dried over phosphorus pentoxide before use. 1.02 g of 
poly(maleic anhydride-alt-1-octadecene)(2.85 mM of the monomer unit) was 
dissolved in dried dichloromethane (50 mL). The mixture was stirred under 
nitrogen for 1.5 h. The poly (maleic anhydride-alt-1-octadecene) in 
dichloromethane formed a pale semitransparent solution. Dicyclocarbodiimide 
(DCC, 0.27 g, 1.31 mM) was dissolved in dried dichloromethane (10 mL). The 
DCC solution (3.0 mL) was added into the polymer solution under nitrogen 
atmosphere and stirred for 1 h. N,N’-Dimethylethylenediamine (5.7 mM, 0.72 mL) 
was added rapidly with stirring. After about 5 min, the transparent solution of the 
poly(maleic anhydridealt-1-octadecene) became milky. The mixture was stirred 
under nitrogen overnight; the white precipitate that formed was removed by 
centrifugation at 0 
o




5.2.6 Purification of QDs-TOPO 
   Crude CdSe-ZnS QDs (1.0 mL) were diluted in toluene (1 mL) followed by 
addition of methanol (2 mL). The mixture was vigorously vortexed for 1 min 
followed by centrifugation at 4000 rpm for 5 min. The supernatant was discarded, 
and the precipitate was collected at the bottom of the centrifugation tube. It was 
redispersed in toluene (2 mL) to form a clear solution. The same precipitation and 
redispersion procedure was repeated twice, and finally, the purified QDs-TOPO 
solid paste was obtained. Dichloromethane (5.0 mL) was added into the tube to 
form a clear QD solution. A UV-vis spectrum was recorded to estimate the 
concentration of CdSe-ZnS QDs based on an empirical equation by Peng et al, 
176
   
and the QDs-TOPO solution was kept in the dark for future use. 




   Poly(maleic anhydride-alt-1-octadecene) (0.050 g) was dissolved in a Na2CO3 
solution (20.00 mL, 0.1 M) and stirred until a clear solution was obtained. 
Purified QDs (5.0 mL in dichloromethane) were added to the clear polymer 
solution and stirred overnight until a homogeneous solution formed. The organic 
volatiles were removed under vacuum, and the remaining aqueous solution was 




5.2.8 Synthesis of QDs-poly-NHMe  
   Poly-NHMe (0.050 g) was dissolved in a NaHCO3 solution (20.00 mL, 0.1 M) 
and stirred until a clear solution was obtained. Purified QDs (5.0 mL) were added 
to the clear polymer solution and stirred overnight until a homogeneous solution 
formed followed by removal of the organic volatiles under vacuum. The aqueous 
solution was centrifuged to give a clear supernatant as the stock solution of QDs-
poly-NHMe. 
5.2.9 Synthesis of QDs-LAC-NHMe  
   The purified hydrophobic CdSe/ZnS QDs (2.0 mL in DCM) was mixed with 
methanol (0.10 mL) and LAC-NHMe (0.01 g). The mixture was stirred overnight 
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under nitrogen. To the mixture, hexane was added until the solution turned turbid. 
The produced QDs-LAC-NHMe was separated as a solid by centrifugation. 
5.2.10 Synthesis of QDs-LAC-NMe2  
   QDs-LAC-NMe2 was prepared in the same way as QD-LAC-NHMe except 
LAC-NMe2 was used. The obtained pink powder was dried under vacuum for 
future use. 
5.2.11 Procedures for sensing ROS  
   Generally, hydrophilic QDs stock solution (20.00 μL) was diluted in deaerated 
water (3.0 mL) to get a final concentration of 3.70 nM. tert-butyl hydroperoxide 
(TBHP), NaClO, potassium superoxide, hydrogen peroxide, peroxynitrite, and 
diethylamine NONOate (DEANO) were freshly prepared with a stock solution 
concentration of 3.0 mM. Peroxynitrite was prepared according to the literature.
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Hydroxyl radical was generated in situ by adding ferrous sulfate in the presence 














) were determined by measuring their absorbance in their UV 
absorption immediately before use.  
5.2.12 Construction of a standard curve for HClO measurement  
   The standard curve for HClO detection was prepared as follows: QDs-poly-
CO2
-
 stock solution (10.0 μL) was diluted in PBS buffer at a final concentration of 
1.85 nM. A series of concentrations of NaClO (0, 0.33, 0.67, 1.00, 1.33, and 1.67 
μM) were obtained by dilution and mixed with QDs solutions with a final volume 
of 3.0 mL. The fluorescence intensities were measured before and 0.5 min after 
the addition of NaClO stock solutions. 
5.2.13 Quantifying HClO in tap water using QDs-poly-CO2
-
  
   Tap water was collected freshly before measurement, and distilled water was 
used as the blank. The fluorescence intensities were measured before and after the 
addition of tap water, distilled water, or NaClO stock solutions. Two level 
recovery tests were performed to validate the assay as follows: NaClO stock 
solutions (5.0 μL, 0.20 mM, and 0.4 mM, respectively) were added to 1.00 mL of 
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tap water. The total contents of HClO in the working solution were then measured 
using the same procedures as tap water based on the standard curves. The 
recovery percentage was calculated by comparison of the measured and 
theoretical contents. 
5.2.14 MPO activity measurement  
   For monitoring the generation of HClO by MPO, QDs solution was incubated 
with MPO in the presence or absence of H2O2 and the fluorescence intensity was 
measured. For the MPO inhibition experiment, QDs solution was incubated with 
MPO and H2O2 in the presence of sodium azide, a known MPO inhibitor. Various 
control experiments were performed to validate the results of the above 
measurements. The spectrofluorometer was maintained at 37
 oC with a water 
circulator during the incubations and fluorescence measurements. 
5.2.15 Cell culture and imaging  
   The human promyelocytic leukemia HL-60 cells from the American Type 
Culture Collection (ATCC, Manassas, VA, USA) were cultured in Iscove's 
Modified Dulbecco's Media (IMDM, GIBCO Grand Island, NY, USA) with 10% 
fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 oC in 
a 5% CO2 humidified environment. The cell suspension (10
6
/mL) was seeded on a 
chambered cover glass (Lab-Tek chambered# 1.0 Borosilicate Coverglass System) 
with the medium containing phorbol 12-myristate 13-acetate (PMA, 50 ng/mL, 
Sigma) to induce the differentiation to macrophage-like cells. After 48 h, the 
medium was discarded and the new medium with QDs-poly-CO2
-
 (1.5 μM) was 
added for overnight incubation. Then excessive QDs were removed by washing 
three times (30 min for each time) with Krebs Ringer phosphate buffer (KRPB). 
The intracellular localization of QDs in single cells was investigated by a 
sequential z-step scanning using confocal microscopy (Olympus IX 81, Fluoview 
FV1000) equipped with a 100x
laser, and the fluorescent images were collected using filter sets more than 560 
nm. Images were processed in IMARIS 3.0 (BITPLANE AG) software. 
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5.2.16 Effects of HClO on the intracellular QDs 
   After verification of the intracellular QDs, the cells were treated with HClO (a 
final concentration of 200 μM total HClO) diluted in KRPB for 30 min at room 
temperature. Central sections of single cells were chosen as the fixed site for 
monitoring fluorescence changes of QDs. The images were recorded with the 
same optical parameters of confocal microscopy at a time interval of 15 min. 
5.3 Results and discussion 
5.3.1 Preparation of hydrophilic QDs 
 
 
Figure 5.2 Schematic illustration and surface structures of hydrophilic QDs 




   Four hydrophilic QDs were prepared by replacing the hydrophobic ligands with 
dihydrolipoamides or encapsulation with amphiphilic polymers as illustrated in 
Figure 5.2. Types 1 and 2 contain a small molecule ligand (dihydrolipoamides) 
bonded to the surface of QDs through the bidentate coordination between surface 
metal thiolate, leaving the amine groups pointing outward to the water phase. 
Types 3 and 4 consist of amphiphilic polymer made from maleic anhydride-alt-1-
octadecene. 3 has a purely anionic polymer containing carboxylate on the surface 
whereas 4 has a zwitterionic surface due to the amine and carboxylate. All QDs 
are highly dispersible in water and, thus, facilitate the uptaking by cells and 
reaction with anionic HClO under physiological conditions. The spectroscopic 
properties of the hydrophobic QDs are retained after ligand exchange and 
polymer encapsulation, which is evidenced by comparing the fluorescence spectra 
of the purified QDs-TOPO with those surface modified hydrophilic QDs (Figures 
5.3). These hydrophilic QDs have similar emission peaks and widths at half 
maxima as the purified TOPO-QDs. The results suggest that both ligand exchange 
and the surface encapsulation process have no obvious detrimental effect on the 
size and size distribution of the QDs. 
 
 
Figure 5.3 Fluorescence spectra of QDs with different surface coatings. 
5.3.2 Effects of surface coating on the sensitivity of HClO detection 
   Four hydrophilic QDs for their response to HClO were examined, and the 
results were presented in Figure 5.4. The fluorescence of QDs-poly-CO2
- shows 
the highest sensitivity to HClO and nearly decreases by 80% when the 
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concentration of HClO reaches 5.0 μM. The limit of detection (LOD) is 
determined to be 0.25 μM, and the limit of quantitation (LOQ) is 0.83 μM.  
The fluorescence quenching of the QDs could be attributed to an oxidative 
quenching process by hypochlorous acid, which has been confirmed by Nie and 
co-workers, who demonstrated that the etching process oxidized the sulfur and 
selenium atoms on the QD surface, generating soluble Cd(II), Se, S, and Zn(II) 
species and causing lattice defects and fluorescence quenching.
174
 Definitive 
evidence for QD etching was provided by elemental analysis of the etching 
solution using inductively coupled plasma - mass spectrometry (ICP-MS): ICP-
MS analysis detects an increase in free Zn(II) at low concentration of HClO 
exposure, consistent with etching of the shell material, and increases in free Cd(II) 
and Se at higher HClO concentrations, consistent with etching of the core 




    The other three QDs exhibit much lower sensitivity, which could be attributed 
to their protective coatings bearing alkylamines and/or thiol groups, which are 
known to react with HClO. It is also observed that QDs-LAC-NMe2 with surface 
tertiary amine groups shows higher sensitivity than QDs-LAC-NHMe and QDs-
poly-NHMe because tertiary amine groups have lower reactivity with HClO than 
with the NHMe group. Furthermore, the NHMe group containing QDs (1 and 4) 
shows nearly the same sensitivity for HClO detection, which implies that the 
surface alkylamine groups play a more dominant role in scavenging HClO than 
thiol groups. Taken together, it is concluded that QDs-poly-CO2
-
, 3, is the most 






Figure 5.4 Effect of NaClO concentrations on the fluorescence of different 
hydrophilic QDs (3.7 nM). The fluorescence intensities were recorded at 0.5 min 
after the addition.  
5.3.3 Sensitivity 
   We further examined the impact of the QD concentrations on the dose response 
and found that (Figure 5.5), with the concentration of QDs-poly-CO2
-
 at 1.85, 
3.70, and 5.55 nM, lower concentration displays higher sensitivity (Figure 5.5A). 
Whereas there is nonlinear correlation between the fluorescence decrease and 
HClO concentration, the plot of ln [Io/I] vs [NaClO] resulted in a linear curve with 
R
2
 over 0.99 (Figure 5.5B). Due to the large surface areas of QDs, multiple HClO 
is needed in reacting QD surface in order to cause significant fluorescence loss. 
With the increasing concentration of QDs, the ratio of [HClO]/[QDs] would 
decrease and, thus, result in the observed does response curves. This is in sharp 
contrast to many organic dyes which typically have one to one stoichiometric 
ratio when reacting with HClO and result in a linear relationship between [HClO] 
and fluorescence change.
178
 Similarly, the quenching of fluorescence of CdSe 
QDs by hydrogen peroxide due to oxidative damage on QDs surface did not obey 
the typical linear Stern-Volmer plot. Instead, the Langmuir isothermal plot gave a 
good linear curve.
72





Figure 5.5 (A) Fluorescence quenching curves of QDs-poly-CO2
-
 at three 
concentration levels by NaClO at different concentrations. (B) Linear relationship 
between ln(Io/I) vs HClO concentration, R
2
 > 0.99 (n = 3). The fluorescence 
intensities were recorded at 0.5 min after the addition of NaClO.  
5.3.4 Selectivity  
   We tested the common biologically important ROS including tert-butyl 
hydroperoxide (TBHP), KO2, H2O2, ONOO
-
, NO, and 
•
OH and found that only 
HClO rapidly quenches the luminescence of QDs-poly-CO2
-
, whereas other ROS 
show no obvious quenching effects (Figure 5.6). The high selectivity for HClO 
detection could be attributed to some special chemical properties of HClO. Under 
the physiological pH used in my experiments, about half of the HClO is in 
protonated neutral form, which enables HClO diffusion across the negative layer 
of surface polymer coatings and reaches to the surface of the QDs. As a result, the 
surface etching occurs by oxidation leading to fluorescence quenching. It can be 
seen that hydroxyl radical also slightly quenches the fluorescence of the QDs-
poly-CO2
-
, which could be due to the presence of ferrous ion for hydroxyl radical 
in situ generation (see 5.2.11), but not due to hydroxyl radical itself. This is 






Figure 5.6 Selectivity of the QDs-poly-CO2
-
 for HClO detection. The graph was 
obtained by adding ROS (5.00 μM) into the QDs solution (3.7 nM). The 
fluorescence intensities were recorded at 0.5, 5, and 10 min after the ROS 




in quantifying HClO concentration in tap water 
   Because of higher responses for HClO (Figure 5.5B), a QD concentration of 
1.85 nM was used for quantification purposes. The low concentration of HClO in 
tap water required a larger volume (1.00 mL) to be used in combination with QD 
PBS buffer (2.00 mL) in order to give a HClO concentration in the final reaction 
solution within the linearity curve range. With this approach, the concentration of 
HClO in tap water was quantified to be 5.28 ± 0.04 μM. Although there is no data 
for the officially allowed HClO limit in drinking water in Singapore, this value is 
rather low compared to the limit of residual chlorine of less than 2 ppm. In water 
purification processes, bleach is used first before ammonia is added to remove the 
residual bleach. The low concentration of residual HClO indicates that treatment 
of ammonia is apparently effective in keeping HClO concentration low.
179
 The 
accuracy of my data was determined by a spike and recovery experiment with two 
spiked NaClO samples (spiked with 1.0 and 2.0 μM). Satisfactory recovery of 89% 





 in monitoring HClO generation by MPO  
 
 
Figure 5.7 (A) Fluorescence intensity of QDs-poly-CO2
- 
vs time after HClO 
generation by adding H2O2 to MPO. (Conditions: [MPO] = 0.62 μg/mL, [QDs-
poly-CO2
-
] = 1.85 nM, PBS kept at 37 °C, [H2O2] = 10 μM). Controlled 
experiments were conducted by adding PBS, MPO and H2O2 to QDs, respectively. 
NaN3 is used for a negative control. (B) The effect of HClO (3.0 μM) and HClO 
(3.0 μM) + NaN3 (0.60 mM) on the fluorescence of QDs-poly-CO2
-
 (1.85 nM). (C) 
The effect of HClO on MPO. Black square: [MPO] = 0.62 μg/mL, [QDs-poly-
CO2
-
] = 1.85 nM, [NaClO] = 3.00 μM (added after 0.5 min). Red circle: [NaClO] 
= 3 μM to [QDs-poly-CO2
-
] = 1.85 μM, without MPO. 
 
   The fluorescence of the QDs-poly-CO2
-
 rapidly decreased when it was incubated 
with MPO in the presence of H2O2, suggesting the generation of HClO by MPO 
(Figure 5.7A). To ensure that the fluorescence loss is indeed due to the generated 
HClO and not other added oxidants, controlled experiments were carried out, 
which included fluorescence measurements of QDs in PBS, a mixture of QDs and 
MPO, and a mixture of QDs and H2O2, respectively. No obvious fluorescence 
quenching was observed for the three control experiments (Figure 5.7A). In 
addition, when the powerful MPO inhibitor, NaN3, was incubated with MPO and 
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H2O2, there was no significant fluorescence quenching observed (Figure 5.7A). To 
rule out the possibility that NaN3 scavenges HClO instead of inhibiting MPO, the 
fluorescence quenching by HClO in the absence and presence of NaN3 are 
compared and no significant difference were observed (Figure 5.7B), implying 
that NaN3 has little effect on HClO but only inhibits MPO. It is reported that 
HClO inactivates MPO due to chlorination of alkylamine groups in MPO.
180
 We 
incubated MPO and HClO together with QDs-poly-CO2
-
 and found that the 
fluorescence quenching degree only reached about 2 times (Figure 5.7C, black 
square) instead of 8 times as shown in the comparison group without MPO 
(Figure 5.7C, red circle). MPO indeed reacted with HClO and protected QDs-
poly-CO2
-
 from oxidative damage while being deactivated by HClO. 
5.3.7 Effective cellular uptake of QDs-poly-CO2
-
 
   The PMA differentiated HL60 cells were chosen because they bear mature 
macrophage characteristics including the ability to phagocytize large particles 
such as latex beads or yeast cells.
181,182
  In addition, the differentiation induces cell 
adherence to surfaces, which allows the washing step to be used for removing the 
excessive QDs. The Z-stack gallery image (Figure 5.8A) clearly shows that the 
macrophage-like cells could effectively phagocytize the QDs-poly-CO2
- 
which 
were suspended inside the cells. A 3D image (Figure 5.8B) was also given to 
demonstrate the depth distribution of QDs-poly-CO2
-
inside the cell. 
5.3.8 Quenching effect of HClO on QDs-poly-CO2
-
 
   Figure 5.8C (upper panel) shows the quenching effect of HClO on the 
intracellular QDs-poly-CO2
-
. It can be seen that the fluorescence of QDs-poly-
CO2
- 
was completely quenched after treatment with HClO (200 μM) for 33 min. In 
contrast, no apparent quenching effect was observed during the same incubation 
time without HClO treatment (lower panel). The results indicate that the QDs-
poly-CO2
- 
can be used for the detection of intracellular HClO and one potential 
application of the QDs-poly-CO2
-






Figure 5.8 (A) Z-stack gallery images of intracellular QDs-poly-CO2
-
.The 
intracellular localization of QDs-poly-CO2
-
 was confirmed by scanning optical 
sections along z direction (from bottom to top). The confocal z stacks were 
acquired with 1 μm spacing, showing QDs-poly-CO2
-
 distribution at various 
depths within the cell. (B) 3D image of intracellular QDs-poly-CO2
-
 in (A) was 
created by assembling the z stack images from successive focal planes with 1 μm 
spacing. (C) Quenching effect of HClO on the intracellular QDs-poly-CO2
-
 (from 
right to left: 3, 18, and 33 min).  
 
   Although there were biological imaging studies to detect HClO in living cells, 
the chemosensors used in the study were organic fluorescent probes. Compared 
with the QDs, the organic dyes have good cell permeability and can easily enter 
the cells in a diffusible way. On the other hand, the poor dye properties such as 
photobleaching and autoxidation limit their applications to the cell imaging, 
especially under confocal microscopy where long-time exposures of samples to 
 117 
 
the intensive laser illumination are often required. Therefore, the better 
performance of QDs to overcome these limitations provides an alternative choice 
for the cellular imaging. 
5.4 Conclusion 
In summary, we have demonstrated a QD based fluorometric assay for 
ultrasensitive and selective HClO quantification in tap water, monitoring the 
HClO generation activity of myeloperoxidase and detecting HClO in the HL60 
cell line. QDs-poly-CO2
-
 exhibited excellent selectivity and better sensitivity 
among the other QDs examined. Hence, QDs-poly-CO2
- 
is a promising probe for 
developing assays in screening dietary HClO scavenging activity and MPO 
inhibitors, which may play important roles in reducing oxidative stress and 















Chapter 6. Towards Highly Sensitive Turn-













6.1.1 Roles of nitric oxide (NO) 
   Nitric oxide (NO) has been known for many years to be a by-product of 
combustion.
183
 The discovery of its biological functions in the 1980s came as a 
complete surprise and caused a real stir, and it was named as “molecule of the 
year” in 1992 by Science.183 NO is mainly synthesized in living organisms by a 
group of enzymes called nitric oxide synthases (NOSs), which convert the amino 
acid L-arginine into NO and another amino acid, L-citrulline.
184
  
   NO is an important regulator and mediator of numerous processes in nervous, 
circulatory, muscular and immune systems. First of all, NO is a neurotransmitter 
and believed to play a role in the long term memory.
185
 In circulatory system, NO 
serves as a vasodilator, released in response to the high blood flow rate and 
signaling molecules, and it also aids in gas exchange between cells and 
hemoglobin.
186
 Moreover, NO was originally called endothelium derived 
relaxation factor and it inhibits concentration of smooth muscle, leading to muscle 
relaxation.
187
 As a ROS, NO is also synthesized in host defense to kill bacteria.
188
  
   The right amount of NO is essential, and either inadequate or excess NO can be 







 the NO concentration is lower than the healthy 







 and failure of vital organs.
194
 
Hence, it is essential to develop a sensitive and selective method for detecting and 
monitoring NO in the biological system. 
6.1.2 Detection methods for NO 
   The measurement of NO in the biological system is very difficult due to its low 
concentration at nanomolar level and short half-lifetime. Moreover, as a free 
radical, NO rapidly diffuses through cell membranes and tissues, and reacts 
readily and extremely fast with other ROS and transition metals. Therefore, its 
formation and migration are not easily to be monitored in the biological system.
195
 
Therefore, it is a big challenge to develop a sensitive and selective detection 
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method for NO in vivo and in vitro. Besides electrochemical methods such as 
amperometry,
196





 electron paramagnetic resonance 
(EPR)
199
 and fluorescence detection. Compared to other methods, fluorescence 
detection is desirable not only because it is fast, simple and economical, but also 
allows real time monitoring and visual tracking of NO in cells and tissues. Two 
main classes include organic-based and metal-based fluorescent probes have 





Figure 6.1 Organic-based fluorescent probes for NO.
198
 (A) The sensing 
mechanism of the o-phenylenediamine type probes. (B) Examples of such probes 
using rhodamine (DAR-4M), BODIPY (DMBOO), cyanine (DAC-P), and calcein 
(DCI-DA Cal) fluorophores. (C) The sensing mechanism of the ring-opening type 
probes.  
 
   Among all organic-based probes, the most prevalent ones are those with o-
phenylenediamine scaffold (Figure 6.1A).
200,201







  and calcein
205
 have been prepared by 





 provides a promising option for live-tissue imaging (Figure 6.1B).
200
 
Moreover, variation of the o-phenylenediamine system with a rhodamine B 
spirolactam was recently reported (Figure 6.1C).
200,207
 One limitation of these 
probes, however, is that none of them are reversible nor do they detect NO 
directly.
200
 Since metals can form direct and reversible bonds with NO, many 
researchers have focused on metal–ligand constructs where the ligand contains a 
fluorophore, which already been generally discussed in 1.3.2. In this field, 
Lippard and co-workers have made great contributions, and the most promising 
metal-based sensor for detection of intracellular NO is a Cu(II) contained turn-on 
probe.
200
 Furthermore, conducting metallopolymers, a type of fluorescent films, 
have been turned to NO sensors by incorporation of nitrogen-containing aromatics 




   Although numerous fluorescent probes have been developed for NO detection, 
they have their own limitations. As mentioned previously, existing organic-based 
probes are unable to monitor NO itself, which means that NO-related bio-events 
would not be detected in real time. Moreover, most metal-based probes are still 
premature or incompatible for NO sensing in the biological system. As a new 
class of fluorophores, QDs exhibit superior photophysical properties over organic 
fluorescent probes, but there are few studies on QDs-based specific NO 
nanoprobes; therefore, this field is attractive area in research. 
   Previously, our group already successfully developed a nanoprobe via 
fluorescence switch-on to sense NO, which can be described as a functional QD 





 QDs is encapsulated and stabilized by cetyltrimethylammonium 
bromide (CTAB), bearing positive charge. After grafting [Fe(dtcs)3]
3-
 complex 
onto surface of CdSe/ZnS nanocrystals through the ionic bond, intense 
fluorescence from QDs is weakened greatly, as the surface bond complex has 





 complex reacts with NO rapidly through electron transfer and a 
ligand substitution reaction to give bis(dithiocarbamato)nitrosyliron(I) 
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[Fe(NO)(dtcs)2] that has week absorption at the emission wavelength of QDs;
209
 
thus,  the fluorescence will be resorted.   
   However, the developed specific NO nanoprobe is based on the electrostatic 
interaction between the cationic QDs and the anionic iron complex, which leads 
to unsatisfying sensitivity (LOD ~ 3.0 μM, LOQ ~ 9.0 μM) likely due to the long 
distance between QDs and the quencher. Moreover, too much unbounded 
quencher left in solution will consume much NO and the sensitivity will also be 
sacrificed. Additionally, such system fails to be utilized in cell culture, because 
the electrostatic interaction will be interrupted. Taken together, further 
improvement is required for this previously developed nanoprobe.  
6.1.3 Strategies to improve the previous probe 
     Decreasing the distance between the iron complex quencher and QDs, and 
alternating the nature of the interaction between quencher and fluorophore are two 
potential means to improve sensitivity of QDs functionalized with Fe(dtc)3 
quenchers for NO detection. Encapsulation and covalent link are regarded as good 
approaches. For encapsulation, we wrapped QDs-TOPO and tris(N,N-
dimethyldithiocarbamate)iron(III) [Fe(dm-dtc)3] together with CTAB to achieve a 
shorter distance between fluorophore and quencher. For covalent link, two 
strategies are utilized. In the first strategy, based on previously developed QDs-
poly-CO2
-
 (Chapter 5), dithiocarbamate group is covalently introduced to polymer 
coating (we name it as QDs-poly-CS2
-
), which can further form corresponding 
Fe(III)trisdithiocarbamate complex [Fe(dtc)3] closely to QDs surface. It is also 
reported that dithiocarbamates show high affinity to QDs surface, leading to a 
secure coating of the nanoparticle.
210
 Therefore, in my second strategy, ligands 
with two dithiocarbamate groups were synthesized to cap QDs via ligand 
exchange (we name them as QDs-CS2
-
). One dithiocarbamate group binds to QDs 
surface, while the other group is left to form Fe(dtc)3. Both hydrophobic and 
hydrophilic of iron monochlorobisdithiocarbamate (FeClL2) prepared in advance 
were added into the functionalized QDs to generate the quencher covalently 
linked nanoprobe.  
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6.2 Materials and methods 
6.2.1 Materials and instruments  
   All experiments were performed with analytical grade or HPLC grade reagents. 
Otherwise stated, all chemicals were purchased from Sigma-Aldrich Chemical 
Company (St Louis, MO) and used without further purification. Ultrapure water 
(18.2 MΩ.cm) was used from a Millipore water purification system. Fluorescence 
spectra were obtained on PerkinElmer LS55 with slit width at 10 nm for both 
excitation and emission except fluorescence quantum yield measurement. UV-vis 
spectroscopic studies were carried out on Shimadzu UV-1601 UV-visible 
spectrophotometer fitted with a quartz cell. The electrospray ionization mass 
spectra were obtained from a Finnigan / MAT LCQ ion trap mass spectrometer 
(San Jose, CA, USA) equipped with an ESI source. 
6.2.2 Synthesis of dithiocarbamate functionalized polymer (Poly-CS2
-
) 
   Poly(maleic anhydride-alt-1-octadecene) (2.55 g) was dissolved in dried 
chloroform (70 mL) for 90 min. N-methyl-1,3-propanediamine (0.76 mL) was 
dissolved in dried chloroform (20 mL) and was added in anhydride solution drop 
wise within 2 min under stirring. The mixture solution became viscous gradually. 
The mixture was stirred overnight. The product was separated and washed by 
centrifugation in toluene and hexane. The solid product was suspended in water 
and was loaded into a flask immersed in ice-water bath. Before the addition of 
carbon disulfide, the pH of the solution should be adjusted around 11. Carbon 
disulfide (6.63 mM, 0.4 mL) in ethanol (15 mL) was added dropwise to the flask 
in ice-water bath. The mixture was stirred for 30 min and then dried under 
vacuum. Poly-CS2
- 
powder was obtained for future use. 
6.2.3 Synthesis of QDs-poly-CS2
-
 
   Hydrophobic CdSe-ZnS QDs in chloroform (0.5 μM, 5.0 mL) and 
dithiocarbamate functionalized polymer (20 mg) dissolved in water (15 mL) were 
mixed and stirred overnight. The chloroform was removed in vacuo and the 






6.2.4 Preparation of sodium piperazine-bisdithiocarbamate  





 calcd 258.95 for C6H8N2NaS4, found 259.00. 
1
H NMR (300 




H} NMR (300 MHz, D2O, δ (ppm)): 
209.06, 50.15. 
6.2.5 Preparation of sodium dimethylenediamine-bisdithiocarbamate 
   Sodium dimethylenediamine-bisdithiocarbamate was prepared by a literature 
method.
212
 N,N′-dimethylethylenediamine (0.828 g, 9.4 mM) was added to a 
solution of NaOH (0.934 g, 23.4 mM) in ethanol (50 mL). The reaction was 
stirred for 5 min then followed by the drop-wise addition of carbon disulfide 
(2.154 g, 28.3 mM) whereupon the solution turned a yellow color and then a 
white precipitate was formed. The reaction was stirred for a further 2 h, and the 
filtration yielded the product as plate like crystals (2.282 g, 93 %). ESI-MS, 
[M+Na]
+
 calcd 260.96 for C6H10N2NaS4, found 261.00. 
1
H NMR (300 MHz, D2O, 
δ (ppm)): 4.45 (s, 4H), 3.52 (s, 6H).13C{1H} NMR (300 MHz, D2O, δ 
(ppm)):209.42, 53.41, 44.09.  
6.2.6 Preparation of ammonium bis(hydroxyethyl)dithiocarbamate 
   Ammonium bis(hydroxyethyl)dithiocarbamate was prepared by a reported 
approach.
213
 Concentrated ammonium hydroxide solution (29%, 6.5 mL) was 
added to diethanolamine (10.5 g, 0.1 M) in ethanol (50 mL) and the solution 
cooled in ice. Carbon disulfide (7.6 g, 0.1 M) in ethanol (5 mL) was added 
dropwise with stirring and the solution cooled to -5
 oC and left stand overnight to 
provide colorless needles (12.5 g, 63%). ESI-MS, [M+Na]
+
 calcd 180.02 for 
C5H10NO2S2, found 180.01. 
1
H NMR (300 MHz, D2O, δ (ppm)): 3.93 (t, J = 6 Hz, 




H} NMR (300 MHz, D2O, δ 
(ppm)):211.01, 59.17, 56.62. 
6.2.7 Synthesis of monochlorobisdithiocarbamateiron(III) [Fe(dtc)2Cl]  
   Fe(dtc)2Cl was prepared via a reported method.
214
 Sodium dithiocarbamate salts 
(3.0 g) was treated with anhydrous ferric chloride (2.0 g) in absolute alcohol (75 
mL). The greenish black complex precipitated immediately and was filtered, dried, 
and recrystallized from chloroform. 
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6.2.8 Synthesis of dithiocarbamate capped QDs (QDs-CS2
-
)   
   The purified hydrophobic CdSe/ZnS QDs (2.0 mL in chloroform) was mixed 
with ethanol (0.1 mL) and synthesized bisdithiocarbamate ligand (10 mg) 
dissolved in minimum amount DI water. The mixture was stirred overnight and 
washed by toluene and chloroform. The produced QDs-CS2
- 
was suspended in 
Tris buffer (5 mM, pH 7.4) and stored as stock solution. 
6.2.9   Preparation of QDs and iron complex nanocomposites 
   Hydrophobic CdSe-ZnS QDs dissolved in chloroform (0.50 μM, 5.0 mL) was 
mixed with iron complex with different molar ratios of complex and QDs at 0, 
200, 500, 800 and 1000, and then CTAB (0.30 g) was added under vigorous 
stirring for 20 h. Chloroform was removed in vacuo. Water (5 mL) was added and 
kept as stock solution of QDs encapsulation solution. 
6.2.10 Preparation of iron dithiocarbamate complex covalently linked to QDs 
[QDs-poly-Fe(dtc)3] 
   Previously prepared QDs-poly-CS2
-
 stock solution was mixed with certain 
amount of Fe(dtc)2Cl (calculated based on estimated dithiocarbamate content for 
polymer coating) in water solution and stirred overnight. Then the dialysis for 20 
min in DI water was performed to above mixture to remove free iron complex and 
other small molecule impurity. The resulting solution was kept in dark and cool, 
used as stock solution of QDs-poly-Fe(dtc)3.   
6.2.11 Preparation of bis(N,N’-dimethyldithiocarbamate)nitrosyliron(I) 
[Fe(NO)(dm-dtc)2] 
   Fe(NO)(dm-dtc)2 were prepared by reacting Fe(dm-dtc)3 (2 mM, 1 mL) with 
NO (NO gas or DEANO, ~ 2 mM, 1 mL) under inert atmosphere at the molar 
ratio of 1 to 1. In the gas case, NO gas was bubbled into Fe(dm-dtc)3 solution (2 
mM, 2 mL) under inert atmosphere until no more color decay was observed. Then 




6.2.12 Synthesis of bisdithiocarbamatenitrosyliron(I) functionalized polymer 
[Poly-Fe(NO)(dtc)2]   
   Previously prepared poly-CS2
-
 was mixed with certain amount of Fe(dtc)2Cl 
(calculated based on estimated dithiocarbamate content for polymer coating) in 
water solution and stirred overnight, generating iron complex functionalized 
polymer [Poly-Fe(dtc)3]. Poly-Fe(NO)(dtc)2 were prepared by reacting Poly-
Fe(dtc)3 (2 mM, 1 mL) with nitric oxide (NO gas or DEANO, ~ 2 mM, 1 mL) 
under inert atmosphere at the molar ratio of 1 to 1. In the gas case, NO gas was 
bubbled into Poly-Fe(dtc)3 solution (2 mM, 2 mL) under inert atmosphere until no 
more color decay was observed. Then nitrogen gas was bubbled through the 
solution for 5 min to remove un-reacted NO gas. 
6.3 Results and discussion 
6.3.1 Encapsulation of QDs and iron dithiocarbamate complex by CTAB 
   QDs-TOPO was mixed with certain amount of tris(N,N-
dimethyldithiocarbamate)iron(III) [Fe(dm-dtc)3]. The subsequently added 
cetyltrimethylammonium bromide (CTAB), a cationic surfactant, encapsulated 
both QDs and the iron complex as a whole, and made them disperse well in water. 
According to the previously established quenching curve,
73
 when QDs-TOPO 
quenched by Fe(dm-dtc)3 shows around 25% of original florescence, the [Fe(dm-
dtc)3]/[QDs] ratio is about 4 x 10
4
. In this case, there is no attractive force to keep 
the metal complex grafted on the QDs surface and thus metal complex is freely 
dispersed in solution. Therefore, the quenching effect on QDs fluorescence is 
negligible. In contrast, applying CTAB to wrap hydrophobic iron complex with 
QDs, resulting in dramatically enhanced quenching effect with much less iron 
complex (Figure 6.2), for example, merely 800 equiv of Fe(dm-dtc)3 is required to 
quench 90% of the fluorescence. Additionally, before CTAB was added, there is 
hardly any fluorescence quenching at low [Fe(dm-dtc)3]/[QDs] ratio. When the 
encapsulation was performed for 30 min, obvious quenching has already been 
observed. Compared with previously established electrostatic interaction based 
nanocomposite,
73
 the quenching efficiency of wrapped nanocomposite is easily 





Figure 6.2. Quenching effect caused by different [Fe(dm-dtc)3]/[QDs] ratio in 
encapsulation approach ([QDs] = 2.08 nM, λex = 400 nm). The photo 
demonstrates obvious fluorescence change caused by different [Fe(dm-
dtc)3]/[QDs] ratio in encapsulation approach under UV lamp at 356 nm (from left 
to right: 0, 200/1, 500/1, 800/1 and 1000/1). 
 




   Dithiocarbamate functionalized polymer was synthesized via a route indicated 
in Figure 6.3, and the produced poly-amide-dithiocarbamate requires dialysis to 
remove small molecules as well as other impurities. Based on the elemental 
analysis, the purified polymer shows N wt% at 4.41 and S wt% at 7.96, which 
means around 50% monomers are functionalized with dithiocarbamate group. 
Taking advantage of the absorption of dithiocarbamate at 253 nm, a standard 
curve was established to roughly estimate the dithiocarbamate content in polymer 
via UV spectra (Figure A.6.1). The calculated result indicates that about 40% 
monomers in polymer are modified with dithiocarbamate group, which is 




Figure 6.3 Synthesis of the dithiocarbamate functionalized polymer. 
 
   The functionalized polymer was used to encapsulate QDs and produced QDs-
poly-CS2
-
 is highly dispersible in water. The spectroscopic properties of 
hydrophobic QDs are retained after encapsulation by comparing the fluorescence 
spectra of purified QDs-TOPO and QDs-poly-CS2
-
. The encapsulated QDs have 
similar emission peak and width at half maximum as the purified QDs-TOPO and 
QDs-poly-CO2
-
 (Figure 6.4). The results suggest that the surface encapsulation 
process has no obvious detrimental effect on size and size distribution of QDs. 
Photostability studies were also undertaken by continuously scanning QDs-poly-
CS2
-
 both in Tris buffer and water solution (Figure 6.5 A). After 50 times 
continuous scan, QDs-poly-CS2
-
 still exhibits 80% of the initial fluorescence 
intensity and no peak shift is observed (Figure 6.5 B). The effect of NaCl solution 
(up to 1 M) was also investigated, showing little change in the photoluminescence 
properties of QDs (Figure 6.5 CD). Taken together, these results demonstrate that 
the produced QDs-poly-CS2
-
 can disperse well in aqueous solution, its 
photobleaching is slow and concentrated NaCl has no effect on the optical 
properties. 
 
Figure 6.4 Fluorescence spectra of QDs before and after the encapsulation with 






Figure 6.5 (A) Fluorescence stability of QDs-poly-CS2
-
 both in Tris buffer and 
water during 50 continuous scans with 1 min interval. (B) Comparison of the 
fluorescence spectra of QDs–poly-CS2
-
 after one excitation and after 50 
continuous scans with 1 min interval. (C) Influence of NaCl at various 
concentrations on the fluorescence intensity of QDs-poly-CS2
-
. (D) Comparison 
of fluorescence spectra of QDs-poly-CS2
-
 in presence and absence of 1 M NaCl.  
 
   The quenching of QDs-poly-CS2
-
 could be achieved via addition of FeCl3 or 
iron monochlorobisdithiocarbamate complex [Fe
 
(dtc)2Cl] which is prepared 
immediately before use. The direct addition of FeCl3 probably causes cross-link 
of QDs and affects its optical performance, which may be overcome by the 
addition of prepared Fe(dtc)2Cl. Utilizing sodium 
bis(hydroxyethyl)dithiocarbamate and sodium N,N-diethyldithiocarbamate 




Figure 6.6 Structures of sodium N,N-diethyldithiocarbamate (left) and sodium 
bis(hydroxyethyl)dithiocarbamate (right). 
 
   Iron dithiocarbamate complex covalently linked QDs [QDs-poly-Fe(dtc)3] was 
prepared by mixing QDs-poly-CS2
-
 and Fe(dtc)2Cl. 
Bis(hydroxyethyl)dithiocarbamate derived iron complex is eventually adopted  
due to the better water-solubility of resulting nanoprobe than the one with N,N-
diethyldithiocarbamate ligand.  Like encapsulation strategy, QDs-poly-Fe(dtc)3 
demonstrates obviously enhanced quenching efficiency due to shorter distance 
between iron complex quencher and QDs (Figure 6.7). Calculated based on 
previously estimated dithiocarbamate content for polymer coating, when 1/5 
dithiocarbamate groups in QDs-poly-CS2
-
 formed iron complex with added 
Fe(dtc)2Cl, approximately 90% fluorescence has been quenched.   
 
 
Figure 6.7 Quenching effect caused by different [dithiocarbamato Fe(III)]/[total 
dithiocarbamate] ratio in QDs-poly-CS2
-
 ([QDs] = 2.08 nM, λex = 400 nm). The 
photo demonstrates obvious fluorescence change caused by different 
[dithiocarbamato Fe(III)]/[total dithiocarbamate] ratio under UV lamp at 356 nm 






Figure 6.8 Structures of sodium dimethylenediamine-bisdithiocarbamate (left) 
and sodium piperazine-bisdithiocarbamate (right). 
 
6.3.3 Dithiocarbamate capped QDs (QDs-CS2
-
) 
   Dithiocarbamate is demonstrated to be an interesting choice of an anchor 
function for nanocrystals because of its high affinity to metal atoms, which arises 
from bidentate chelating binding.
215
 Therefore, two bisdithiocarbamate ligands 
(Figure 6.8) was prepared, one of whose dithiocarbamate group binds to QDs 
surface, while the other one is left on QDs surface to form Fe(dtc)3. However, we 
cannot rule out the possibility that both of the dithiocarbamates will bind to QDs, 
since that the surface of QDs is not atomically flat.  
   Fluorescence spectra (Figure 6.9A) of the QDs indicate 6 nm and 15 nm 
bathochromic shifts for dimethylethylenediamine-CS2-QDs and piperazine-CS2-
QDs, respectively, compared to QDs-TOPO. Dithiocarbamate capped QDs shows 
dramatically enhanced photostability compared to QDs-TOPO (Figure 6.9B),  
which is in agreement with reported finding that dithiocarbamate ligands binds 
more stably to QDs shell and can maintain a high quantum yield relative to native 
hydrophobic QDs capped with alkyl phosphines.
216
 After 50 times continuous 
scan, dithiocarbamate capped QDs still exhibits 85% of the initial fluorescence 
intensity and no peak shift is observed (Figure 6.9CD). The effect of saline 
solution (up to 1 M NaCl) was also investigated, showing no obvious changes in 
the photoluminescence properties of QDs (Figure 6.9EF). However, compared to 
encapsulation strategy and QDs-poly-CS2
-
, the long term stability (more than two 
week) of two dithiocarbamate capped QDs (QDs-CS2
-
) was unsatisfying. That is 
likely due to the fact that the ligands covering QDs surface remain in equilibrium 
with free species in surrounding medium, and gradual desorption of the ligand 
from QDs surface results in simple functionality losses and QDs aggregation.
217
  
This poor long-term stability could also due to oxidation of N-CS2 over time. 
Thus, the following study only focuses on encapsulation strategy and QDs-poly-
CS2
-




Figure 6.9 (A) Fluorescence spectra before and after ligand exchange. (B) 
Comparison of fluorescence stability between QDs-TOPO and QDs-CS2
-
 during 
continuous scans with 1.5 min interval. (C) Fluorescence stability of QDs-CS2
-
 
during 50 continuous scans with 1 min interval. (D) Comparison of the 
fluorescence spectra of QDs-CS2
-
 after one excitation and after 50 continuous 
scans with 1 min interval. (E) Influence of NaCl at various concentrations on the 
fluorescence intensity of QDs-CS2
-
. (F) Comparison of fluorescence spectra of 
QDs-CS2
-
 in presence and absence of 1 M NaCl. 
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6.3.4 Response of nanoprobes to nitric oxide  





(dtc)3) demonstrate very high quenching efficiency, nitric oxide failed to 
turn on the fluorescence. To determine whether the reaction product of NO 
quenches the fluorescence of QDs, we encapsulated QDs with Fe(NO)(dtc)2 
together with CTAB and found that it quenched the QD fluorescence as 
efficiently as that of Fe
 





(dtc)3. After reacting with NO, the 
energy transfer path has been blocked, due to little bands overlap between 
absorption of Fe
 
(NO)(dtc)2 and emission of QDs (Figure 6.11). Fe
 
(NO)(dtc)2 
might quench the fluorescence through the electron transfer process. The exact 
mechanisms of such fluorescence quenching require further investigation. 
 
 





to QDs in encapsulation by CTAB. Blank group means merely QDs-TOPO was 
encapsulated in CTAB, without iron complex.  
 
Although a highly sensitive nanoprobe for NO was failed to be developed, the 
work herein is a valuable study about greatly shortening the distance between 







 are good platforms to explore further 
functionalization and interesting applications.   
 
 
Figure 6.11 Comparison between UV-vis absorption of Fe(dm-dtc)3 and 
Fe(NO)(dm-dtc)2 and fluorescence emission of QDs.   
6.4 Conclusion 
    In summary, to improve my previously developed nanoprobe for NO based on 
ionic bond between the anionic iron complex quencher and the cationic QDs, 
three strategies have been demonstrated to greatly shorten the distance between 
quencher and fluorophore: encapsulation QDs and the quencher together by 
CTAB, introducing the dithiocarbamate derived ligand by ligand exchange (QDs-
CS2
-
) and wrapping QDs with functionalized polymer coating (QDs-poly-CS2
-
). 
Furthermore, to avoid crosslink, monochlorobisdithiocarbamate iron complex [Fe
 
(dtc)2Cl] were added to functionalized QDs instead of adding ferric ion directly.  
Resulting nanoprobes demonstrated good optical performance and showed 
improved quenching efficiency as expected.  However, these nanoprobes showed 
negligible response to NO, likely due to the resulting paramagnetic product [Fe
 
(NO)(dtc)2] still quenching the fluorescence of QDs by electron transfer, even 
though the energy transfer has been blocked.  
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6.5 Future work 
   Dithiocarbamate is known to readily form complexes with many transition 
metals, thus we can use developed dithiocarbamate ligand capped QDs and QDs-
poly-CS2
-
 to construct nanocomposites with various transition metal complexes 
on QDs surface. Besides common reactive oxygen species, the nanocomposite 






   A more significant application is light controlled release of biologically 







which could be beneficial for biomedical application. Moreover, if the ligand 
dissociation causes the fluorescence change and the reaction can be monitored by 
fluorescence; and thus, the dual light controlled ligand releasing and imaging 
agents will be achieved, allowing imaging-guided therapy. Particularly, numerous 
nitrosyliron metal complexes have been found to release NO by radiation at 
certain wavelength;
218,219
 therefore, special attention will be paid on such 
compounds to find potential NO donor. Other photo-catalyzed chemical reactions 
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Figure A.2.9 Z-stack gallery images of intracellular probe 6. The intracellular 
location of probe 6 was confirmed by scanning optical sections along z direction 
(from bottom to top). The confocal z stacks were acquired with 0.8 µm spacing, 
showing 6 distributions at various depths within the cell. (A) Negative control. (B) 




Figure A.3.1 MS spectrum for epicatechin standard (Rt = 18.4, Figure 3.5A). 
 
Figure A.3.2 Mass spectra for gallic acid standard (Rt = 13.0, Figure 3.8A). (A) 
MS spectrum for gallic acid. (B) MS
2






Figure A.3.3 Mass spectra for product 1 (Rt = 29.8, Figure 3.5B) of reaction of 
epicatechin and NO2. (A) MS spectrum for Product 1. (B) MS
2
 spectrum for the 
peak at m/z 334.0. (C) MS
2






Figure A.3.4 Mass spectra for product 2 (Rt = 31.8, Figure 3.5B) of reaction of 
epicatechin and NO2. (A) MS spectrum for product 2. (B) MS
2
 spectrum for the 
peak at m/z 334.0. (C) MS
2





Figure A.3.5 Mass spectra for product 3 (Rt = 42.6, Figure 3.5B) of reaction of 
epicatechin and NO2. (A) MS spectrum for Product 3. (B) MS
2
 spectrum for the 
peak at m/z 334.3. (C) MS
2









Figure A.3.6 Mass spectra for product (Rt = 22.0, Figure 3.8B) of reaction of 
gallic acid and NO2. (A) MS spectrum for the product. (B) MS
2
 spectrum for the 
peak at m/z 169.7. (C) MS
2








































































































































































Figure A.4.24 Z-stack gallery images of probe-DOTAP mixture in RAW 264.7 
cells. The sequential z-stack scanning was applied to confirm the intracellular 
localization of probe-DOTAP mixture. The Z-stacks were acquired with 0.8 μm 
depth using confocal microscopy. (A) Control group. (B) Pre-stimulated with LPS 
(2 μg/ml) for 16 h and treated with probe-DOTAP (3 μM) for 2 h. (C) Incubated 
with probe-DOTAP (3 μM) for 2 h and DEANO (1 mM) for 10 min. (D) 
Sequentially treated with L-NAME (0.5 mM) for 2 h, LPS (2 μg/ml) for 16 h and 











H NMR spectra of (LAC-NHMe) N-methyl-N-[2-






C NMR spectra of (LAC-NHMe) N-methyl-N-[2-









H NMR spectra of (LAC-NMe2) N-methyl-N-[2-






C NMR spectra of (LAC-NMe2) N-methyl-N-[2-







Figure A.6.1 The standard curve for estimating dithiocarbamate content in 
functionalized polymer (prepared by sodium dimethyldithiocarbamate aqueous 
solution, measured at 253 nm).  
 
